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Abbreviations   
AFM    Atomic Force Microscopy 
Bn    Benzyl 
But    n-butylammonium ion 
cat    Catalyst 
Ccat    Catalyst concentration 
CDCl3    Deuterated chloroform 
CL    ε-caprolactone   
CLC    comb-like copolymer 
13C NMR   Carbon Nuclear Magnetic Resonance Spectroscopy 
Cp    Propene concentration 
Đ (Mw/Mn)   Dispersity index 
DCM    Dichloromethane 
DLS    Dynamic Light Scattering 
Dod    n-dodecylammonium ion 
DSC    Differential Scanning Calorimetry 
Et    Ethyl 
FTIR    Fourier Transform Infrared Spectroscopy 
g    Gram 
h    Hour 
HCl    Hydrochloric acid 
1H NMR   Proton Nuclear Magnetic Resonance Spectroscopy 
HDPE    High Density Polyethylene 
HPLC    High Performance Liquid Chromatography 
I    Scattering intensity 
Ind    Indenyl group 
Ini    Initiator 
aPP    Atactic polypropylene 
iPP    Isotactic polypropylene 
sPP    Syndiotactic polypropylene 
LDPE    Low Density Polyethylene 
LLDPE    Linear Low Density Polyethylene 
M    Metal 
MAO    Methylaluminoxane 
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MBI    rac-Me2Si(2-Me-Benz[e]Indenyl)2ZrCl2 catalyst 
Me    Methyl 
MeOH    Methanol     Number averaged molar mass 
mol%    mol percent     Weight averaged molar mass 
o    ortho 
p    para 
PCL    Poly(ε-caprolactone) 
PE    Polyethylene 
PHex    Poly(1-hexene) 
PMMA   Poly(methyl methacrylate) 
PO    Polyolefin 
PP    Polypropylene 
ppm    Parts per million 
PS    Polystyrene 
PUen    Poly(1-undecene) 
PUol    Poly(10-undecene-1-ol) 
q    Scattering vector 
Rh    Hydrodynamic radius 
SAXS    Small-angle X-ray Scattering  
SEC    Size Exclusion Chromatography 
Sn(Oct)2   Tin(II) bis-(2-ethylhexanoate) 
Tcc    Cold crystallization temperature 
Tc,o    Onset crystallization temperature 
Tm    Melting temperature 
tp    Polymerization time 
Tp    Polymerization temperature 
TBP    2,6-di-tert-butyl-phenol 
TCB    1,2,4-trichlorobenzene 
TEM    Transmission Electron Microscopy 
TGA    Thermal Gravimetric Analysis 
THF    Tetrahydrofuran 
TIBA    Triisobutylaluminum 
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1. Introduction  
Still unknown before the 20th century, polymers are now the most universally-used 
materials in the global market. It was Leo Baekeland, who experimenting with mixtures of 
phenol and formaldehyde synthesized the first polymer called Bakelite.[1] This “material of 
a thousand purposes”, as Time-magazine[2] said, revolutionized the market and only 10 
years after its invention it was everywhere- from buttons and combs to car parts. With this 
discovery the age of plastic began. The world polymer production has grown enormous 
from 1 million ton in the middle of 1950s to annual production of about 290 million metric 
tons recently (Figure 1.1). The slight decrease of plastic production in Europe from 2011 to 
2012 was caused by the general economic situation.  
 
 
 
 
Figure 1.1 World plastic production 1950-2012.[3] 
 
Plastics have become indispensable in our daily lives. The produced materials can be stiff 
or soft, elastic or brittle, conducting or insulating, opaque or transparent, stable or 
(bio)degradable. Without them we would not be able to enjoy touchscreen smartphones 
and tablets or practice many sports either. Not only a broad range of sport equipment such 
as surf boards, boots, racquets, balls and skis, but also outfits like helmets and swimming 
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or diving suits are all made of plastics. Also in biomedical sector polymers are gaining 
more and more attention from plastic prostheses replacing the body parts to drug delivery 
systems. Building and construction, automotive industry as well as very recent application 
fields like organic electronics (e.g. OLED and OFET) are just some of the sectors where 
polymers have a key role to play. However, the largest volume of polymers is used for 
manufacturing packaging represented by almost 40 % of the entire plastic demand. For this 
purpose mostly polyolefins such as polyethylene and polypropylene are used (Figure 1.2). 
 
 
Figure 1.2 European plastic demands by segment and polymer type.[3] 
 
As a matter of fact, more than a half of polymers produced each year are polyolefins. 
Owing to their unique and at the same time versatile physical and mechanical properties 
along with economic advantages, polyolefins are utilized in wide range of applications and 
their demands grows steadily. Polyolefin products are all around us: from daily life (e.g. 
tooth brushes, clothing, bottles and carry bags) to high performance engineering 
applications. The crucial factor for growing demand of polyolefins is indisputably a 
continuous progress of their synthesis. The driving force for it is the development of 
catalysts for coordination olefin polymerization. It is the catalyst, which influences to a 
great extent the molecular characteristic and chain architecture of the resulting polyolefin. 
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These in turn determine the morphology and hence the macroscopic properties of the final 
material. Concerning for example polypropylene or higher poly(α.-olefins) in terms of 
chain microstructure it can be distinguished between three possible stereo-configurations 
depending on the position of methyl side-groups along the main chain as illustrated in 
Figure 1.3. This concept is called tacticity from Greek taktikos meaning “of or relating to 
arrangement or order”. 
 
a) 
 
  
b) 
 
  
c) 
 
Figure 1.3 Polypropylene (a) isotactic (b) syndiotactic (c) atactic. 
 
The polymer is called isotactic when all methyl side-groups are located on one side with 
respect to the backbone and syndiotactic if the methyl groups are oriented in alternating 
opposite configuration. In an atactic polypropylene the methyl groups are randomly located 
along the main chain. It must be mentioned that totally isotactic or syndiotactic 
configuration is an ideal case. In fact, the polymers are termed highly of predominantly 
iso- or syndiotactic due to the occurrence of stereodefects. Depending on the tacticity of 
the polymer chains a wealth of microstructures and applications has become possible. 
Although almost 80 years passed from their discovery, polyolefin did not stop to attract 
researchers’ and industry attention. New kind of materials can be produced by 
copolymerization of polyethylene and polypropylene with longer α-olefins or functional 
monomers. This enhances considerably the number of possible microstructures and 
therefore achievable properties. Incorporation of α-olefins can for example influence the 
toughness and environmental impact of obtained polymer. Depending on the nature of 
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functional monomer the resulting copolymers can display versatile properties, such as 
conductivity, biodegradability or enhanced thermal resistance. Thereby, a fine control over 
polymerization process for both homo- and copolymerization and thus control over 
macromolecular architecture is of crucial importance.  
Apart from polymerizing and copolymerizing olefins another strategy is used to 
considerably influence the properties of final material, namely composite formation. 
Composite is a material built of matrix reinforced by particles, fibers or plates. Composites 
are produced to combine the properties of different materials in order to obtain 
characteristics needed for particular application. They have been used for thousands of 
years. From clay bricks reinforced with straw and horsehair developed in ancient Egypt 
(800 years BC) to monuments of stone and steel. The rise of modern civilization has been 
embossed by a development of new materials. Composites are nowadays everywhere: 
building materials, furniture, toys, sports equipment, cars and planes. 
Enormous progress in the field of composite materials has been done by fabrication of 
polymer composites and especially polymer nanocomposites. In polymer nanocomposites 
the matrix and reinforcement are integrated at the level of nanometers. High interface area 
between the filler and matrix leads to excellent material properties by already small content 
of the nanoscale size filler. 
New polymeric and composites materials are changing our lives as radically as steel once 
did, or even more. Plastics and (nano)composites have made it possible for us to go further, 
faster and stronger than before.  
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2. Theoretical Background 
2.1. Coordination polymerization 
Coordination polymerization is a type of chain-growth polymerization in which the 
monomer is inserted to a growing polymer chain in an active metal-carbon bond of the 
catalyst. In coordination polymerization mostly transition-metal catalysts are involved. 
This type of polymerization can be applied for monomers that form a π- or a σ-complex 
with the metal in catalyst active site.  
2.1.1. Ziegler-Natta Polymerization 
Polyethylene was known already 10 years before Ziegler’s discovery and was produced by 
ICI (Imperial Chemical Industries) under the name “Polythen”. This radical polymerization 
has been conducted at 200 °C and at pressures between 100 and 200 atm.[4] As a product of 
this process, LDPE (Low Density Polyethylene) is obtained, a branched polymer with low 
density (915-935 kg/m3) and 40 - 50 % crystallinity. In 1953, Karl Ziegler synthesized for 
the first time polyethylene (PE) at atmospheric pressure and room temperature using the 
“Mülheimer-Polyethylen-Verfahren” developed by him.[5] PE produced by the low 
pressure method possesses higher density (960 kg/m3) and increased crystallinity  
(60 – 80 %) due to the linear topology of the polymer chains. Therefore, it is termed HDPE 
(High Density Polyethylene). The catalyst discovered by Ziegler and co-workers consisted 
of the transition metal complex TiCl4 in presence of aluminum alkyl (Et2AlCl) and was 
capable of polymerizing ethylene under mild conditions. However, the activity of the 
catalyst was not higher than 5 kg of polyethylene per 1 g of titanium. The reaction is 
outlined in Eq. (1). 
    (1) 
 
Ziegler's discovery has attracted the interest of Gulio Natta, who has further developed the 
invention. In 1955 Natta, using the Ziegler catalyst, has synthesized the first polyolefin that 
contained stereoregular isotactic polypropylene (iPP).[6] (Eq. (2)). 
  
                          (2) 
 
H2C CH2
TiCl4 / Et2AlCl
25 °C, 1 bar CH2 CH2 nn
HC CH2
TiCl4 / AlEt3
25 °C, 1 bar  (iPP)
CH3
CHn CH2
CH3
n
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Both of these historical discoveries have been awarded in 1963 with the Nobel Prize.  
Ziegler-Natta (Z-N) catalysts are defined nowadays as products of a reaction between a 
transition metal compound of 4th- 8th sub-group of the periodic table (mostly titanium or 
vanadium) and an organometallic compound or hydride of a metal of the 1st- 3rd group of 
the periodic table (especially aluminum and rarely boron). 
Since the synthesis of the first Ziegler catalysts, the system was rapidly developed in order 
to synthesize polymers with specific properties and adapt them to the requirements. Karl 
Ziegler realized in his lecture to the award of the Nobel Prize: "the suddenness with which 
this began and the rapidity with which it was propagated are comparable to an 
explosion”.[4]  
Fabrication of active supported catalysts and catalytic systems with appropriate Lewis 
acids (based on esters, diesters or ethers) has contributed to further optimization of the 
polymerization process.[7] Heterogeneous Z-N catalysts are characterized by high activity 
and stability during the polymerization. Therefore, the Z-N catalysts have dominated in the 
world of olefin polymerization for over 30 years and are still nowadays applied for the 
majority (more than 75 %) of industrially produced polyolefins. The Z-N catalysts 
currently used are based on TiCl4 supported on MgCl2 (or MgCl2/ SiO2). These modern 
supported catalysts are applied in the presence of aluminum alkyls as well as internal and 
external donors. The latter are mainly used to isolate less stereoselective centers and 
prevent an agglomeration of the supported catalyst during the polymerization. 
A significant disadvantage of Z-N catalysts is a non-uniform heterogeneous catalyst 
structure resulting in different active sites (multi-site catalysts). Consequently, the 
synthesized macromolecules possess rather broad dispersities, whereas the typical Đ-
values are between 5 and 30.[8] Copolymerization with higher α-olefins usually gives 
polymers having a broad chemical composition. The insolubility of the supported catalyst 
is thereby a limiting factor for the optimization of Z-N systems. This restriction was 
overcome by development of homogeneous metallocene catalysts. 
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2.1.2. Metallocene and Post-metallocene Polymerization 
The metallocene and post-metallocene catalysts differ significantly from the Ziegler-Natta 
systems, not only in structure and chemical composition, but also in the catalytic 
performance.  
Already in the 1950s homogeneous metallocene catalysts were tested (e.g. 
bis(cyclopentadienyl) titanium dichloride (Cp2TiCl2)), however, because of their low 
activity they did not awake researcher’s interests.[9] In the 1970s, Sinn and Kaminsky[10, 11] 
observed that the catalyst activity increases significantly by controlled addition of water to 
the polymerization reactor. The increase in activity was due to partial hydrolysis of 
aluminum alkyl and formation of methylalumoxane (MAO). The discovery of MAO as 
cocatalyst was the most important breakthrough in olefin polymerization and has released 
an impulse for development of a new generation of homogeneous metallocene catalysts. 
The MAO-activated metallocene catalysts (activation mechanism follows in Part 2.1.2.1) 
proved to be significantly more active in comparison to the aluminum alkyl-activated 
catalysts and furthermore allowed synthesis of homogeneous polyolefins. 
 
 
 
 
 
 
 
 
Figure 2.1 Structure of a metallocene catalyst. M: transition metal (usually Zr, Ti, Hf); R: 
alkyl or aryl ligand substituent; X: Cl or alkyl group; B: bridge between the cyclic ligands.  
 
The homogeneous metallocene catalysts exhibit single-site active species (therefore called 
single-site catalysts) in contrast to the heterogeneous Z-N systems. The resulting polymers 
are characterized by relatively narrow molar mass distribution (w /n ≈ 2). 
Copolymerization in the presence of metallocene catalysts yields usually copolymers with 
comparatively narrow molar mass distribution and random incorporation of the 
comonomers. 
M
X
X
B
R
R
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The catalytic behavior can be significantly influenced by simple modification of the ligand 
structure.[12] A brief overview of the development of metallocene catalysts is presented in 
Table 2.1.  
For example Wang and coworkers[13] achieved by structural change in the Cp-ligand 
through the introduction of an n-butyl substituent a significant increase in activity. This is 
attributed to electronic effects on the active center. Furthermore, the structure of the 
catalyst could be adjusted to facilitate the synthesis of polypropylene with defined regio- 
and stereoselectivity.  
A milestone on the path of catalyst development was established by Brintzinger at the 
beginning of the 1980s with the synthesis of bridged catalyst structures (so-called ansa-
metallocene; lat.: ansa = handle).[14] In these chiral catalysts the π-ligands are linked by a 
bridging group and thereby restricted in their mobility. Fixing the geometry around the 
central atom allows better control of the stereochemistry of polymerized olefins and 
enables, among others, the synthesis of isotactic polypropylene (iPP).[15, 16] The properties 
of the resulting polymer, such as tacticity and molar mass can be adjusted by modification 
of the catalyst framework.[17]  
Next step forwards was the synthesis of specific ansa-metallocenes such as 
isopropyl(cyclopentadienyl-1-fluorenyl) zirconium (IV) dichloride i.e. (i-PrCp-1-
FluZrCl2), which allowed for the first time the synthesis of syndiotactic PP (sPP) with high 
productivity.[18]  
Further development strategies concerned replacement of the central atom with further 
transition metals of 3rd, 5th and 6th sub-group of the periodic table.[19] 
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Table 2.1 Development of metallocene catalysts [20] 
Metallocene precursor Performance 
 
 
 
• not stereospecific 
• low molar mass polymers 
• low incorporation of comonomer 
 
• not stereospecific 
• high molar mass polymers 
• increased activity 
• higher comonomer incorporation in 
comparison with unsubstituted Cp-rings 
 
 
 
• syndiotactic PS (polystyrene) 
• commercially applicable 
 
• low stereospecificity  
• synthesis of UHMWPE  
• very good comonomer incorporation 
• high activity 
 
• high syndiotacticity 
• commercial syndiotactic PS 
• high activity 
 
 
 
• high isotacticity 
• commercial isotactic PS 
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As shown in Table 2.1 the metallocene catalysts offer a broad potential for polyolefin 
synthesis and facilitate the creation of polymers with controllable properties. Polyolefins 
prepared by metallocene polymerization are used for special applications, e.g. in the 
medical field, for permanent wire and cable coating, geomembranes, flooring and other 
applications.[21]   
Above all, the use of homogeneous metallocene catalysts provides a chance for the 
investigation and optimization of polymerization processes as these are not affected by the 
morphology of catalyst or support. 
 
Despite their many advantages, the homogeneous metallocene catalysts reveal certain 
drawbacks such as a necessity of using large excesses of the expensive MAO cocatalyst, 
and the required removal of byproducts from the production of aluminoxanes. This has 
clearly retarded the industrial use of metallocene catalysts.[20] Further disadvantages are the 
lack of control over the polymer morphology and the high content of low molecular weight 
fraction in the final product, which results in so-called reactor fouling.[22] This 
phenomenon is defined as a formation of sticky layer on the reactor wall by low molecular 
weight polymer fractions, which impedes the transfer of released heat. A better control 
over the polymer morphology can be achieved due to the heterogenization of the catalyst. 
The supported systems allow synthesis of polyolefins with desired morphology, which is 
determined by the adjustable shape of the carrier surface.[12, 23] 
Since, the enormous development of highly active metallocene catalysts has not kept the 
researchers from further investigations and optimizations of metalorganic compounds. 
Extensive research is still conducted to find systems that provide better control over 
polymer properties and to extend the variety of polyolefin materials. 
 
Further improvement of catalytic olefin polymerization was realized by Brookhart and co-
workers[24, 25] who discovered that nickel and palladium α-diimine derivatives (Figure 2.2) 
catalyze the polymerization of ethylene to high molecular weight, branched polymers. 
Thereby began the research on a new generation of catalysts called post-metallocene 
catalysts. 
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Figure 2.2 Example of Brookhart nickel α-diimine catalyst.[24] 
Post-metallocene catalysts can be classified into two groups:  
• complexes of early transition metals (mainly Ti and Zr)  
• complexes of late transition metals (e.g. Ni, Pd, Co) [26] 
The ligands of these catalyst systems exhibit diverse structures bearing often donors based 
on N, O, P or S. Similar to the metallocene catalysts, the postmetallocenes can be activated 
by MAO or rarely used boron compounds. 
Use of late transition metal (Ni, Pd) complexes has further improved the performance of 
post-metallocenes. Such compounds have not previously been used as they act as chain 
transfer agents via β-hydride elimination. This problem has been overcome by designing 
catalyst ligands, which effectively suppress the transfer reactions and lead to high 
molecular weight products with enhanced productivity. This invention initiated more 
intense research on polyolefin synthesis in the presence of late transition metal 
complexes.[27] The post-metallocene complexes with late transition metals can be used for 
synthesis of functionalized polyolefins as they are less sensitive against polar groups 
compared to complexes bearing early transition metals.[28]  Interesting properties are also 
shown by complexes of early transition metals (particularly Ti) with ligands containing 
different heteroatoms. 
More recently, growing attention has been paid to post-metallocene catalysts for controlled 
polymerization of olefins. The most important examples are highlighted in chapter 2.1.3. 
Some of the post-metallocene catalysts are already used in industrial processes for special 
applications, as reported by Mecking et al.[29] Apart from this, there exist still some 
restrictions for the industrial production employing post-metallocene catalysts related in 
particular to the stability at higher temperatures and the ability of a heterogenization of the 
catalyst being of crucial importance.[30] 
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2.1.2.1. Reaction mechanism 
 Activation of the catalyst 
The polymerization-active species in metallocene-catalyzed polymerization is formed by a 
metallocene-alkyl cation.[31] It is generated from the neutral metallocene precursor upon 
the use of Lewis acid as cocatalyst. As common cocatalyst methylaluminoxane (MAO) is 
used (Figure 2.3), whose exact molecular structure has not been yet clearly defined. 
Different types of structures have been proposed for MAO: linear chains, cyclic or 
polycyclic rings and cage structures[12], wherein it is also conceivable that in the solution 
exists an equilibrium between different oligomeric species.  
 
 
 
 
 
 
 
   
  
Figure 2.3 Molecular structures of MAO.[12] 
 
Furthermore, MAO contains traces of trimethylaluminum (TMA) (5 to 20 % depending on 
the producer), which is partly associated with MAO and, on the other hand, exists in the 
solution as a free trimethylaluminum. TMA is a reducing agent, forming Me-bridged 
dinuclear species with transition metal complexes. These species are catalytically inactive 
and promote chain transfer reactions.[32] 
The generally accepted mechanism of the activation of metallocene catalyst using MAO is 
shown in Figure 2.4 exemplified by zirconocene dichloride.  
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Figure 2.4 Activation of metallocene catalyst by MAO on the example of zirconocene 
dichloride. 
 
The first step of catalyst activation is a monomethylation of the central atom resulting in 
(Cp)2ZrClMe complex. Subsequently, the second chloride anion is abstracted by MAO 
leading to the formation of the active cation [Cp2ZrMe]+  and MAO anion [MAO-Cl]-.[33, 34] 
The generated MAO anion forms a contact ion pair with the catalytically active cation and 
acts for it as a stabilizing counter-ion. The counter-ion is relatively weakly bounded to the 
cation so that an olefin can coordinate with the central atom, but at the same time is 
sufficiently strongly bounded to shield the active site from the environment. Bulky ligands 
around the central atom can additionally determine the distance between MAO anion and 
the active cation and thereby affect the catalyst activity.[35] 
Sufficient activation of the metallocene precursor requires large molar excesses of MAO 
from 100 to 10,000 in relation to the catalyst.[36] Presumably, the equilibrium shift towards 
the formation of active species is favored at high MAO concentration. Moreover, the high 
excess of MAO can substantially suppress the deactivation of catalyst by association of 
two cationic species, which leads to an inactive complex. The fabrication of supported 
MAO/ metallocene catalysts allowed a reduction of the necessary MAO excess.[37] 
Apart from the activation of the catalyst the MAO, or more specifically the TMA 
contained in it, acts as scavenger to trap the traces of water and oxygen in the reactor. 
 
Beside the MAO cocatalyst, also other weakly coordinating anions such as borate 
compounds (e.g., fluorinated borate B(C6F5)4-) are used as cocatalysts. In contrast to MAO 
the borate derivatives can be applied in a stoichiometric ratio relating to the metallocene 
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catalyst, whereas similar activities can be achieved. The borate cocatalysts are much more 
sensitive to contamination due to the absence of a scavenger, like for example the 
mentioned TMA in toluenic MAO solution. A further disadvantage of those cocatalysts is 
the possible incorporation of fluorine into the polymer chains, which can cause problems 
during the thermal decomposition. 
 
 Chain growth through olefin insertion  
The mechanism of olefin polymerization occurs in two steps, as suggested by Cossee in 
1964 and illustrated in Figure 2.5.[38, 39] Initially, the olefin binds via π-electrons to the free 
coordination site of the active cation. In the next step the σ-bonded alkyl group (methyl 
group or growing polymer chain) migrates to the π-coordinated olefin. At the end of the 
reaction the metal-carbon σ-bond migrates via a four-center transition state to the 
coordination position that was previously occupied by the olefin. As a consequence the 
free coordination site is formed again, and another monomer can be coordinated and 
inserted between the cationic metal center and alkyl group. The sequence is repeated until 
a termination of chain growth occurs. 
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Figure 2.5 Coordination of an olefin molecule, followed by insertion into the metal-carbon 
bond according to Cossee.[38, 39] 
 
Different existing modifications of the Cossee mechanism require always the presence of a 
stabilizing α-agostic interaction between the alkyl-hydrogen atom and the central atom. 
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Such interaction can be present both in the ground state and in the 4 center transition 
state.[40, 41] 
 
 Chain termination reactions  
In the absence of external chain transfer agents the chain termination in olefin 
polymerization when using MAO as cocatalyst can occur in principle by 4 possible 
pathways[42]: 
(a) β-hydride transfer to the central atom  
(b) β-methyl transfer to the central atom 
(c) β-hydride transfer to monomer  
(d) chain transfer to aluminum.  
The chain termination reactions (a) and (b) are monomolecular and independent on the 
monomer concentration, unlike the chain-termination (c) which is bimolecular and 
dependent on the monomer concentration. The reaction pathway (d) depends on the 
cocatalyst concentration. A better understanding of the chain termination mechanisms 
enables an end group analysis. Each termination reaction leads namely to specific end 
groups in the polymer chain which can be assigned by means of 13C NMR analysis. The 
main transfer reactions and the corresponding end groups for polypropylene are shown in 
Figure 2.6.  
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Figure 2.6 Termination reactions and the corresponding end groups: a) β-hydride transfer 
to the central atom, b) β-methyl transfer to the central atom, c) β-hydride transfer to 
monomer, d) chain transfer to aluminum.[42, 43] 
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(c) 
(a) 
(d) 
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The ratio of chain growth and chain transfer as well as the control of chain termination 
reactions can be influenced by the modification of the catalyst and cocatalyst.[43] The chain 
transfer to aluminum can be suppressed by reaction of MAO or triisobutylaluminum 
(TIBA) with a sterically hindered phenol.[32, 44] 
 
2.1.2.2. Stereo- and regioselectivity 
The interaction between the monomer and catalyst often leads to a specific orientation of 
the monomer with respect to the central metal and the attached growing polymer chain. 
Thus, the coordinative polymerization enables a synthesis of regio- and stereoregular 
polymers. In principle the insertion of α-olefin into the carbon-metal bond can occur on 2 
possible ways, as a primary 1,2-insertion or secondary 2,1-insertion (Figure 2.7). If the 
polymerization is highly regioselective just one of those two possible insertions takes place 
and the resulting poly(α-olefin) possesses so-called head-to-tail configuration. In the case 
of lower regioselectivity during the polymerization both 1,2- and 2,1-insertion mechanisms 
take place. As a result the synthesized polymer contains additionally head-to-head and tail-
to-tail orientation of monomer units.  
Figure 2.7 Regioisomers of poly(α-olefins).[34] 
The stereocontrol of the growing polymer chain can be achieved by two possible 
mechanisms (Figure 2.8). In the first mechanism, so-called chain-end control, the 
configuration of the last inserted monomer determines the stereochemistry of the next 
insertion. This mechanism occurs by polymerization in presence of achiral catalysts and 
leads to propagation of stereoerror after miss-insertion of monomer. Enantiomorphic site 
control takes place when the insertion of monomer is dictated by the structure of the chiral 
catalyst active site. As a result, the stereoerrors are corrected and the polymer chain 
contains isolated mistakenly inserted monomers.  
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Figure 2.8 Stereoselectivity of α-olefin insertion.[34] 
13C NMR spectroscopy can be used to distinguish between those two mechanisms.  
Both regio- and stereochemistry of the insertion polymerization are strongly dependent on 
catalyst nature and the reaction conditions, thus can significantly be influenced by 
modification of the catalyst structure, particularly by different bridges and ligand 
substituents. 
 
2.1.3. Controlled Olefin Polymerization 
Living polymerization was first defined by Szwarc as a process in which termination and 
transfer reactions are absent.[45] A living polymerization occurs  until complete 
consumption of the monomer and can be continued after further monomer addition, which 
allows the synthesis of well-defined block copolymers. Living processes do not always 
ensure control over the molecular weight and molecular weight distribution of produced 
polymers. To achieve this control, the chain initiation rate should be at least comparable to 
the chain growth or faster than the chain growth. If the additional criteria are fulfilled the 
polymerization is called controlled.[46] 
Polymerization can also be considered as controlled, if termination and transfer reactions 
are negligible. The chain initiation is in this case relatively fast compared to chain growth, 
wherein the molar mass of the synthesized polymer increases linearly as a function of 
monomer conversion. While enormous advances have been made in controlled/ living 
polymerization when using radical, anionic and cationic polymerization systems, a 
comparatively less amount of living olefin polymerization systems have been reported so 
far. Despite the broadened criteria for a controlled catalytic olefin polymerization it 
remains very challenging due to the irreversible chain transfer to metal alkyls and rapid β-
Theoretical Background    23   
 
 
hydride transfer, which widely limits the olefin insertion into transition metal-carbon 
bond.[47] 
However, in the last two decades new classes of catalysts have been developed that allow 
living or controlled homo-and copolymerization of ethene, propene and higher α-olefins. 
By means of living insertion polymerization it became possible to produce not only 
homopolymers but also block copolymers and novel polymer architectures. A 
comprehensive overview of the catalysts for controlled olefin polymerization has been 
given by Domski[48] and Coates.[49] 
Despite the significant research efforts just few of the available systems are able to 
polymerize α-olefins in both highly stereoselective and living manner.  
 
2.1.3.1. Non-metallocene catalysts for living α-olefin polymerization 
In the last 15 years, the non-metallocene catalysts for living/ controlled polymerization of 
olefins capable of producing highly isotactic polymers have gained special attention.[27, 48, 
49]
  
Some development examples of these catalyst are shown in Figure 2.9.[50] 
 
 
Figure 2.9 Catalysts used for the synthesis of block copolymers incorporating iPP 
segments.[50] Adapted with permission from J. Am. Chem. Soc., 2008, 130, 4968. 
Copyright 2008, American Chemical Society. 
The first milestone on the pathway of living isoselective propene polymerization was done 
in 2003 by Busico[44] using a C2-symmetric octahedral Zr complex bearing [ONNO] ligand 
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developed by Kol and co-workers.[51] This type of ligand is classified as tetradentate since 
it binds with four atoms to the central atom forming a coordination complex. Linear 
tetradentate ligands of the type [OYYO] (Y= heteroatom donor) are of interest as ancillary 
ligands, as the nature of the link influences the configuration of the ligand around the 
central metal, thus affecting its reactivity and selectivity.[52] This class of catalyst is 
capable of supporting quasi-living highly isoselective polymerization of propene at room 
temperature and will be discussed in detail in the next chapter.  
Growing attention has been paid to group IV transition metal complexes bearing 
bis(phenoxyimine) ligands (so-called FI catalysts). First results in this area have been 
published by Fujita.[53] The FI catalysts allow, among others, insertion of sterically 
hindered comonomers (higher α-olefins and cyclic olefins) in the polymer chain and allow 
the production of highly isotactic and highly syndiotactic polypropylene. Furthermore, 
their “living polymerization” character enables synthesis of polyethylene having extremely 
high molecular weight (UHMWPE) over 2 millions.[54]  Worth mentioning is the work 
done by the group of Müllen.[55] They have reported on the synthesis of UHMWPE using 
FI-catalyst supported on latex particles. It has been shown that the nucleophilic groups at 
the particles surface do not act as a catalyst poison, but surprisingly immobilize the catalyst 
in a very effective way even stabilizing it. Fujita[56] and Coates[57] independently reported 
that fluorinated phenoxyimine titanium catalysts polymerize propene in living manner, 
albeit that the stereoselectivity is rather low producing PP with about 50 % of isotactic 
pentads.  
The group of Coates reported on C2-symmetric stereospecific α-diimine Ni catalyst capable 
of producing regioblock copolymers from propylene at low temperatures, although the 
activities were very low.[58] Later on, Sita applied a concept of degenerative-transfer living 
polymerization with group 4 metal acetamidinate catalysts to synthesize isotactic-atactic 
stereoblock PP copolymers. These catalysts, however, show low activity and yield 
polymers with only moderate isoselectivity.[59] 
 
2.1.3.2. Bis(phenoxyamine) catalysts 
Of growing interest are the C2-symmetric octahedral complexes of early transition metals 
that have been developed to mimic the steric environment of Ti atoms on the surface of 
heterogeneous Ziegler-Natta catalysts.[60]  
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The C2-symmetric octahedral complexes of the metals group 4 that possess tetradentate 
[OYYO] type (Y = heteroatom donor N, P, S, or O) ligands (Figure 2.10) can serve as a 
homogenous model of octahedral heterogeneous active sites. These catalysts were 
developed by Kol and used first for a living isoselective polymerization of 1-hexene at 
room temperature.[51] Tetradentate ligands, unlike the bidentate ligands that were used in 
bis(phenoxyimine) catalyst systems, have a positive impact on the stability and 
stereorigidity of the catalyst. Furthermore, the steric and electronic properties of [OYYO] 
ligands can be easily modified accompanied by simultaneous application of computational 
methods such as quantum mechanics (QM) or molecular mechanics calculations for 
predicting the polymerization behavior.[61] A type of [OYYO] bis(phenoxyamine) 
complexes is the [ONNO] complex possessing nitrogen heteroatom donors (Figure 2.10). 
These complexes show relatively low activity, but lead to highly isotactic polypropylene 
and poly(1-hexene). The rather low activity can be manipulated by modifying the ligand 
geometry.[62] The ligands of the metal complexes play a crucial role in determining the 
activity and stereoselectivity of the catalyst by their steric and electronic effects on the 
central atom. 
 
 
 
 
 
 
 
 
 
Figure 2.10 a) General structure of a bis(phenoxyamine) catalyst precursor with [ONNO]-
type ligand, b) molecular structure of bis(phenoxyamine) catalyst precursor with [ONNO]-
type ligand and t-butyl ligand substituents (H atoms and R-groups are omitted for 
clarity).[51] Adapted with permission from J. Am. Chem. Soc., 2000, 122, 10706. Copyright 
2000, American Chemical Society. 
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The active species of the bis(phenoxyamine) catalysts with [ONNO] type ligands were 
analyzed by QM calculations with regard to their catalytic behavior.[61] It was found that 
the R2-substituents, which are placed far from the active site have no considerable 
influence on the catalytic performance. On the other hand, the R1-substituents (ortho 
substituents) are crucial for the control of enantioselectivity of the 1,2-insertion as well as 
for determination of the tendency to chain transfer reactions. Bulky R1-substituents prevent 
a misorientation of the polymer chain and increase the steric hindrance in the coordination 
sphere. Hence, the demanding six-center transition state of β-hydride transfer will be 
destabilized and the transfer reactions consequently suppressed.[63] 
Whereas steric effects of ortho-substituents have a significant influence on the catalytic 
performance, the electronic properties are less decisive. Cipullo et al.[64] investigated 
propene polymerization with a series of catalysts possessing very similar electronic but 
different steric properties of ortho-substituents. It was found that catalyst with R1 = 1-
adamantyl yielded almost monodisperse iPP with isotactic pentads fraction [mmmm] 
above 98 % and melting temperature about 150 °C. Replacement of the 1-adamantyl 
substituent with a cumyl substituent (α,α-dimethylbenzyl) lowered slightly the 
stereoselectivity. Installing of the even smaller o-substituent (e.g. t-butyl) deteriorates 
further the stereoselectivity and controlled behavior. On the other hand, in the presence of 
more sterically demanding o-substituent (e.g. triphenylmethyl), the coordination site at the 
active center is too tight and both the stereoselectivity and regioselectivity are lost. The 
nature of the o-substituent is therefore a crucial factor for the balance between chain 
growth and chain transfer reaction for this particular group of catalysts. It confirms the 
general concept that chain growth and chain transfer to the monomer possess different 
steric demands and therefore behave differently depending on the ligand substitution. The 
former process has a compact four-center transition state and the reacting atoms span an 
angle of ca 80 ° forming a relatively small active pocket (Figure 2.11a). The chain transfer 
reaction has a demanding six-center transition state (Figure 2.11b), which can be easily 
destabilized due to steric pressure in the coordination sphere caused by the bulky ligand 
substituents.[47] 
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Figure 2.11 Transition states for propene insertion (a) and β-H transfer to propene 
monomer (b) at a model [bis(phenoxyamine)Zr-isobutyl]+ active cation.[64] Reprinted with 
permission from Macromolecules, 2009, 42, 3869. Copyright 2009, American Chemical 
Society. 
 
Busico et al.[60] reported on the use of bis(phenoxyamine) catalysts for a synthesis of 
highly isotactic polypropylene with stereocontrol by 1,2-insertion and chain-end control. 
The results support also the hypothesis of a successful imitation of the Ziegler-Natta 
catalyst. Thus, it has been observed that the β-hydride transfer during propene 
polymerization is relatively rapid in comparison with 1-hexene polymerization. 
Considering the fact that the β-H transfer is a sterically demanding process,[65] the observed 
phenomenon was attributed to different steric hindrance of the monomer and the growing 
polymer chain in these two cases.  
The bis(phenoxyamine) catalysts can be considered deficient with regard to the chain 
growth time, which is relatively short.[66] Further tuning of this system and particularly a 
fine modulation of  the R1-substituents in the ligand framework  led to enhanced catalytic 
behavior.[61, 64] 
 
 
 
 
  
a) b) 
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2.2. Polymer architectures containing polyolefins 
Polyolefin-containing polymers are of great interest, due to the synergic effect of excellent 
polyolefin (PO) properties being combined with the advantages of the other segment. This 
enables creation of polyolefins with novel functionalities and unique properties that 
broaden their application field. Several systems have been developed exhibiting block, 
graft or star structures. Three methodologies are proposed to synthesize polyolefin-
containing systems such as PO macroinitiator, PO macromonomer and reactive PO (Figure 
2.12).[67]  
 
Figure 2.12 Synthetic methodologies for preparing polyolefin-containing macromolecular 
architectures.[67] With kind permission from Springer and Business Media. 
The strategy of polyolefin macroinitiator implies introduction of reactive groups into an 
olefinic polymer chain and subsequent polymerization of the second component. As a 
result, block type copolymers are obtained if the reactive group is at the chain-end of 
polyolefin. Graft structures are accessed if the initiation moieties are in the polymer 
chain.[68] Following this strategy many kinds of block- and graft-copolymers with varied 
chemical composition were produced involving different techniques, such as living anionic 
polymerization with PO macroinitiator,[69] free radical polymerization via borane 
groups,[70] atom transfer radical polymerization (ATRP),[71, 72] reversible addition-
fragmentation chain transfer polymerization (RAFT)[73] and nitroxide mediated 
polymerization.[74, 75] 
Polymerization with macromonomers enables synthesis of two types of graft-copolymers: 
on one hand containing olefinic backbone, if the used PO macromonomer possesses a 
chain end moiety useful for radical or ionic polymerization (e.g. acryl or methacryl),[76] or 
on the other hand having non-PO backbone and PO grafts, if the applied non-PO 
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macromonomer contains moieties useful for olefin polymerization, e.g. vinyl chain end.[77] 
Furthermore by using the PO macromonomer methodology star copolymers with different 
branch number have been obtained.[78] 
Coupling reactions with reactive polyolefins are the most common way to synthesize 
various polymer hybrids resulting mostly in graft copolymers. In this method the modified 
polyolefin is coupled with functionalized polymer. 
Another approach to obtain polyolefin hybrids which does not classify to the 
methodologies introduced above is the controlled sequential copolymerization of olefins. 
By choosing an appropriate living catalyst (as described in chapter 2.1.3) this method 
opens the way to the synthesis of olefin block copolymers.[48, 49] 
Block or graft polymeric systems based on polyolefins are mostly used as a compatibilizer 
between polyolefins and polar polymers and as interfacial modifiers. Nevertheless, their 
potential is much broader reaching applications in further fields such as biomedicine.[67]  
 
2.2.1. Graft copolymers with polyolefin backbone and different side chains 
Comb-like polymers are macromolecules with nonlinear chain architecture consisting of a 
main chain with multiple trifunctional branch points and one linear side-chain per 
repeating unit.[79] Besides the common comb-like structures reported so far, comb-like 
copolymers with complex architecture can be designed depending on the monomer 
structures and preparation methods. Polymers possessing multifunctional branch points 
have been prepared like dumbbell-shaped dendritic copolymers, comb-star copolymers or 
copolymers possessing cycle-like architectures.[80-82]  
Synthesis of comb-like copolymers is typically realized by one of three methods: “grafting 
onto” where the side chains are synthesized separately and then coupled to a functionalized 
polymer backbone,[83, 84] “grafting through” employing polymeric materials containing 
polymerizable groups,[77, 85] or “grafting from” involving a polymer backbone possessing 
functional groups that are able to initiate the growth of side chains via polymerization.[86, 
87]
 The last technique allows significantly higher final grafting densities, due to the grafting 
process not being limited by steric hindrance imposed by the already linked grafted chains. 
Hence, the monomer can easily access the initiating sites or the propagating chain end. 
Some examples of recently available graft copolymers involving polyolefin backbone are 
briefly presented below.  
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Figure 2.13 Model structure of a graft copolymer consisting of polyolefin backbone and 
non-polyolefin grafts. 
 
A number of literature reports is dedicated to graft copolymers involving PP and 
polystyrene (PS) or PP and poly(methyl methacrylate) (PMMA) since both these polymers 
possess excellent properties and can be produced in large amounts with low costs. 
However, their immiscibility requires addition of a compatibilizer, if used as a blend. Graft 
copolymers involving these polymers are synthesized typically by the macromonomer 
method or grafting from reaction.[75, 88] 
The work of Schulze et al.[77, 89] is an example of well-defined poly(propylene-g-styrene) 
graft copolymers synthesized by combination of metallocene-catalyzed polymerization and 
quasi-living ATRP using the macromonomer strategy. Beside systematic investigation of 
the synthesis parameters, the authors tested the correlation between the graft copolymer 
structure and the resulting compatibilized PP/PS blend morphology. 
 
 
Figure 2.14 PP-g-PS graft copolymers obtained by combination of ATRP and metallocene-
based polymerization.[89] Reprinted with permission from Macromolecules, 2007, 40, 
1401. Copyright 2007, American Chemical Society. 
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Hadjichristidis et al.[90] also combined metallocene-catalyzed polymerization and ATRP to 
synthesize graft- and block-graft copolymers having either poly(tetradecene-1) or poly(1-
octene) backbones and PMMA or PS branches.  
 
 
Figure 2.15 Graft and block-graft copolymers based on poly(α-olefins).[90] Reprinted with 
permission from Macromolecules, 2011, 44, 1952. Copyright 2011, American Chemical 
Society. 
 
Another work shows graft copolymers: PE-g-PS, PE-g-PMMA and PE-g-polyacrylonitrile 
prepared from PO macroinitiator by two-step process: synthesis of copolymers employing 
olefin and p-methylstyrene as backbone by using Ziegler Natta or metallocene catalysts, 
and metalation of p-methylstyrene groups followed by graft growth via anionic 
polymerization of the comonomers.[91, 92]  
Kudina et al.[93] reported on amphiphilic comb-like copolymers based on maleic anhydride 
and α-olefins obtained via radical polymerization and polymer analogous reactions. These 
copolymers form micelles in organic and aqueous media demonstrating stimuli responsive 
behavior.  
 
Figure 2.16 Amphiphilic comb-like copolymers based on maleic anhydride and  
α -olefins.[93] Reprinted with permission from Macromol. Symp., 2010, 298, 79. Copyright 
2010, WILEY-VCH. 
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Olefin copolymers containing hydroxyl groups can be also used as olefinic macromonomer 
for synthesis of graft-copolymers via ring opening polymerization (ROP). This class of 
materials will be discussed in the next chapter. 
 
2.2.2. Graft copolymers with PCL side chains 
Despite the excellent properties of polyolefin products, due to the ecological demands, the 
interest of many researchers has been focused on the synthesis of biodegradable and bio-
based polymers and copolymers. In this context, aliphatic polyesters such as poly(ε-
caprolactone) (PCL) became an important class of materials for many applications because 
of their biocompatibility and biodegradability to non-toxic degradation products. PCL can 
be synthesized either by ROP of ε-caprolactone (ε-CL) using anionic, cationic or 
coordination catalysts or via free radical ROP of 2-methylene-1-3-dioxephane. PCL is a 
semi-crystalline polymer with good solubility and low melting temperature of about  
61 °C.[94] 
The ease of blending PCL with a number of commercial polymers, such as PVC, bisphenol 
A polycarbonate, starch and its derivatives has further extended its application profile.[95-97]  
 
 
Figure 2.17 Model structure of a graft copolymer consisting of non-PCL backbone and 
PCL grafts. 
 
Versatile macromolecular architectures involving PCL may be produced via different 
strategies realized by one-pot or, more commonly, a sequential two-step method. Recently 
available structures with novel compositions include block, graft, star-shaped, dendrimer-
like star and hyperbranched polymers.[98] Graft or more specifically comb-like copolymers 
are of particular interest for this work. In such system PCL can be incorporated either as a 
backbone or as a side chain.[99, 100]  Graft copolymers containing PCL as a side chains can 
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be generally obtained by two approaches: one is the already mentioned “grafting from” 
method, in which the ROP of ε-caprolactone is initiated by hydroxyl group pending from 
polymer backbone; the second strategy is the macromonomer method, in which the PCL-
macromonomer possessing an end functionality or terminal unsaturated bond is 
copolymerized with a second monomer.[101, 102] Some examples of readily available 
polymeric systems containing PCL as grafted chains are briefly highlighted here.  
An interesting example is the synthesis of polystyrene-g-PCL copolymers by “click 
chemistry” reported by Yildirim et al.[103] In this approach alkyne-functionalized PCL was 
reacted with poly(styrene-co-chloromethylstyrene) to give PS-g-PCL. 
 
Figure 2.18 Synthesis of PS-g-PCL via click chemistry.[103] Reprinted with permission 
from J. Appl. Polym. Sci., 2012, 126, 1236. Copyright 2012, Wiley Periodicals, Inc. 
 
Another example worth mentioning is the formation of poly(vinyl alcohol)-g-PCL 
copolymers prepared in absence of solvent. The propagating alkoxide species were formed 
in the reaction of MgH2 catalyst with hydroxyl groups of poly(vinyl alcohol) backbone.[104] 
Furthermore, many researchers have studied copolymers containing PCL grafted from 
natural polymers, such as starch, chitosan or cellulose.[105-107] 
Interesting work done by Xu and Huang[101] describes the synthesis of amphiphilic graft 
copolymers poly(ethylene oxide)-b-[poly(styrene-co-2-hydroxyethylmetacrylate)-g-PCL 
(PEO-b-P(St-co-HEMA)-g-PCL) by combining RAFT with a coordination-insertion ROP. 
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These copolymers comprise hydrophilic PEO segment and biodegradable PCL side chains 
(Figure 2.19). 
 
  
Figure 2.19 Amphiphilic comb-like copolymer PEO-b-[P(St-co-HEMA)-g-PCL].[101]  
 
Special kind of grafted systems represent the polymer brushes where the grafted chains are 
linked to the surface. Surface-initiated polymerization is an attractive tool to produce 
surfaces coated with thin polymer layers. As an interesting example metal-free ROP of ε-
CL was performed by Yoon et al.[108] to synthesize PCL starting from a gold surface. The 
surface was first functionalized with hydroxyl group followed by ε-CL polymerization in 
presence of enzyme Lipase B as a catalyst (Figure 2.20).  
 
Figure 2.20 Surface-initiated ROP of ε-CL.[108] Reprinted with permission from Prog. 
Polym. Sci., 2012, 37, 157. Copyright 2012, Elsevier. 
 
Since the last few decades many researchers have paid attention to the coupling of 
polyolefins and PCL in order to combine the best properties of polyolefins with original 
features provided by PCL such as polarity, functionality, and degradability. In an actual 
review, Shamiri et al.[109] (together with Kaminsky) point out the need to synthesize 
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polyolefin composites containing biodegradable components as a challenge for future 
work. Such systems could be used for packaging materials reducing their environmental 
impact. Several approaches and their combinations have been implemented to chemically 
couple polyolefins with PCL. Typical techniques used involve controlled radical 
polymerization, ring-opening polymerization (ROP), coordination polymerization, anionic 
and cationic polymerization, and ring-opening metathesis polymerization.[110-118] As a 
result, copolymers exhibiting unique block, graft, comb, or star structures have been 
obtained. Among those different polymer architectures, comb-like copolymers have been 
extensively studied.[119, 120] 
One of the first investigations done in this field was made by Chung[112], who proposed and 
applied the combination of Ziegler-Natta catalysis and borane chemistry with subsequent 
oxidation reaction to synthesize hydroxylated PP, or more specifically poly(propylene-co-
hexen-5-ol). In the next step anionic ROP of ε-CL has been conducted to yield PP-g-PCL 
copolymers.  
PE-g-PCL graft copolymers were obtained by reacting ethylene-vinyl alcohol copolymers 
(EVOH) with ε-CL using aluminum isopropoxide as catalyst (Figure 2.21), and applied as 
a compatibilizing agent in PE/PVC blends.[121] 
 
 
Figure 2.21 Reaction scheme of PE-g-PCL copolymers formation.[121] Reprinted with 
permission from Macromol. Symp., 2001, 176, 233. Copyright 2001, WILEY-VCH. 
 
Recently, a successively applied metallocene catalysis and ROP were used to produce 
graft-copolymers of PCL initiated by poly(ethylene- co -10-undecene-1-ol) copolymer. In 
this way graft copolymers were produced that possess polyethylene backbone and polar 
polymer segments.[118]  
All above mentioned examples of polyolefin-PCL hybrids show rather low grafting 
densities of incorporated PCL. The limiting factor is the incorporation ability of 
functionalized monomer (e.g. vinyl alcohol or 10-undecene-1-ol) into polyolefin backbone 
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caused by low polymerization reactivity and poisoning of metallocene catalyst by 
monomer polar groups. Opportunity to access new materials would be a controlled 
synthesis of component consisting polyolefin with densely grafted PCL chains.  
Apart from the modification of chemical structure and composition, another method to 
produce polyolefin systems with special properties combinations is the synthesis of 
nanocomposites. This approach will be discussed in the next chapter.  
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2.3. Polyolefin-based Nanocomposites 
2.3.1. Nanocomposites preparation and morphology  
Basic requirement to form nanocomposites with enhanced properties is the homogenous 
distribution of nanoparticles in order to create very large interface between the nano-sized 
heterogeneities and the polymer matrix.[122] Three primary strategies used to obtain 
nanocomposites based particularly on layered nanofillers are melt compounding, solution 
intercalation and in-situ polymerization intercalation.[123, 124] 
In the melt compounding method the polymer in molten state is mixed with the filler. This 
method works well with polar polymers, but rarely leads to well dispersed composites with 
non-polar polymer matrix mostly due to the weak interaction between the hydrophilic filler 
and hydrophobic polymer. To omit this drawback an organophilic modification of the filler 
material can be conducted. Another method to improve the interaction between the filler 
and the matrix is the use of a compatibilizer, e.g. a graft copolymer with appropriate 
functionalities.[125, 126]  
In the solution intercalation method the filler is first swollen in a solvent followed by 
mixing with polymer solution. As a result the polymer chains intercalate and displace the 
solvent within the interlayer space of the filler forming an intercalated nanocomposite.[127] 
An effective method to synthesize nanocomposites is the in-situ polymerization 
intercalation. This method is based on the use of monomer that may be in-situ polymerized 
or cross-linked in presence of the nanofiller. In the first step the layered filler is 
intercalated by an initiator or catalyst followed by introduction of monomer. Upon 
formation of polymer inside the interlayer space an intercalated or exfoliated polymer 
nanocomposite is formed.[128, 129] This approach particularly for polyolefin-based 
nanocomposites is of special interest for this work and will be discussed further below. 
According to the quality of layered filler dispersion in the polymer matrix the obtained 
composites can be divided into three classes: microcomposites, when the polymer is unable 
to intercalate between the filler sheets, intercalated nanocomposites, when the polymer 
chain is intercalated between the filler layers, which remain in parallel alignment and 
exfoliated nanocomposites when the filler nanosheets are uniformly dispersed in polymer 
matrix (Figure 2.22). Thereby aggregation of the filler is the major problem and very 
difficult to avoid. 
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Figure 2.22 Scheme of different types of nanocomposites arising from the interaction of 
layered silicates and polymers.[130] Reprinted with permission from Mater. Sci. Eng. R-
Rep., 2000, 28, 1. Copyright 2000, Elsevier. 
 
2.3.2. Polyolefin-based nanocomposites – state of the art 
Due to the wide application range of polyolefins they belong to polymers which benefit the 
most from nanocomposite formation. Polyolefin nanocomposites are of great interest due 
to their enhanced properties in comparison with non-filled polymers, such as barrier 
properties, stiffness, mechanical strength and many others. The properties of 
nanocomposites are influenced by the kind of fillers, preparation process and 
microstructure of the polyolefins.[131] Among others, the layered fillers are of special 
interest since they introduce high barrier properties of gases and liquids to the material.[132] 
Therefore, they can be potentially used for beverage bottles and auto fuel systems. 
Depending on the filler used, they might also show enhanced fire resistance and burning 
behavior. Applications of polyolefin nanocomposites as highly sensitive membrane-based 
sensors or materials with antimicrobial characteristics have been reported.[133, 134] 
Numerous layered fillers have been used in polymer composites, whereby montmorillonite 
is the most common one. 
The preparation of polyolefin composites by melt compounding with variety of fillers has 
been reported over the past 15 years by numerous authors. However, conventional melt 
compounding techniques of PP with montmorillonite, for instance, lead usually to only 
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partially exfoliated nanocomposites.[135-140] Furthermore, blending or melt compounding of 
polyolefins with nanoparticles is difficult to achieve, due to the nanoparticles aggregation 
especially at a high filler content, which leads to decrease of mechanical properties.[141] 
Low solubility of polyolefins hinders the use of solution intercalation method for synthesis 
of olefinic nanocomposites. 
Other polyolefin-based nanocomposites have successfully been made and extensively 
described.[142] 
 
2.3.3. Polyolefin-based nanocomposites synthesized by in-situ method 
As shown by numerous authors a formation of polyolefin-nanocomposites by in-situ 
polymerization intercalation if favorable in comparison with melt compounding or solution 
intercalation method.[143-146] The incompatibility between hydrophilic filler and 
hydrophobic polyolefin character has been overcome by absorbing or anchoring the 
catalyst on the filler surface, which is changing its surface to hydrophobic one.[131] 
Nevertheless, synthesis of polyolefin-containing nanocomposites by in-situ approach 
remains challenging due to the high demands posed with regards to suitable reaction 
conditions. It is well known that the majority of olefin polymerization catalysts are 
extremely sensitive towards Lewis bases and water. However some classes of catalysts 
based on late-transition metal complexes are particularly stable under these conditions. As 
an example Coates et al.[147] used a robust cationic palladium complex developed by 
Brookhart to form an exfoliated polyolefin-silicate nanocomposite material. Jin et al.[148] 
anchored a Ziegler-Natta catalyst into organically modified montmorillonite (MMT) and 
obtained upon ethylene polymerization completely exfoliated MMT. In contrast to Z-N 
catalysts metallocene catalysts allow better control over polymer properties. As an 
example, Kaminsky[149] has shown a synthesis of metallocene-based polyolefin 
nanocomposites using different inorganic nanomaterials, such as silica monospheres, 
magnesium oxide, other inorganic materials and carbon nanotubes or fibers. Worth 
mentioning is the work of Lee et al.[143] reporting on fully exfoliated PE/ MMT 
nanocomposites prepared by using MMT-supported MAO cocatalyst and metallocene 
catalyst. Despite the extensive research on this field one has to mention that the natural 
clays are not ideal materials possessing very different compositions. Furthermore silicates 
often contain protic impurities and polar groups, which can negatively influence the 
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catalytic behavior of metallocene catalysts. A way to overcome these constrains could be a 
use of synthetically obtained filler with defined and controllable structure. 
 
2.3.4. AlPO-kanemite as a filler 
Aluminophosphate with kanemite like structure (AlPO-kanemite) is an elegant example of 
synthetically obtained lamellar-built material mimicking the structure and ion-exchange 
properties of naturally occurring silicate mineral called kanemite.[150] The layers consist of 
connected 6-membered rings with perfect alternating of [AlO4] and [PO4] tetrahedra and 
atomic P/Al ratio of 1. These layers organize themselves in a parallel manner to form 
stacks with a regular gap between them known as a gallery or interlayer space. The general 
chemical formula of this material is [AlPO3(OH)2(CH3(CH2)xNH2], where x changes 
according with the type of amines used in the syntheses.  In the interlayer space Al-OH and 
P-O--R+ are present, whereby the nature of R+ groups can be influenced directly during the 
synthesis step. As a result the distance of the interlayer space can be adjusted (Figure 2.23). 
 
Figure 2.23 Schematic representation of the layer stacking in AlPO-kanemite with 
butylamine in the interlayer.[150] Reprinted with permission from Chem. Mat., 1997, 9, 
1788. Copyright 1997, American Chemical Society. 
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The aluminophosphates are synthesized in a reaction of an aqueous suspension of 
pseudobohemite (72 % Al2O3, 28 % H2O) with orthophosphoric acid followed by an 
addition of n-alkylamine as described by Cheng et al.[150] As a result, solid possessing 
layered structure is obtained as schematically presented in Figure 2.23. Thereby, the 
interlayer space depends on the n-alkylamine used. 
These layered aluminophosphates can reorganize and condense, what leads to formation of 
porous materials after exchange of interlayer ions by surfactant cations. Micro- and 
mesoporous aluminophosphates have found application for sorption and catalysis, 
especially as molecular sieves.[150-153] Functionalization of microporous AlPOs with 
heteroatoms leads to materials active in various reactions, among others oxidation and 
acidic reactions.[154] Interesting is the synthesis of mesoporous AlPOs possessing high 
catalytic performance. As an example, the group of Pastore[155] has grafted a titanocene 
dichloride onto the AlPO surface obtaining acidic material useful for catalytic reactions. 
According to the literature data reported so far this particular material has not been used as 
filler in polymers before. 
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3. Aim and Motivation 
 
Even though polyolefins are being produced since the late 1950s and have a revolutionary 
history behind them, there is still need to explore new materials that can fulfil the 
challenging requirements of technology. Researchers in both, industry and academia 
continue to create new polyolefin-based systems and to improve the existing ones. The 
driving forces for technological innovation are usually the drawbacks of the material, 
which in case of polyolefins are: poor control over the polymerization and especially 
copolymerization processes, lack of functional group in the polymer chain and last but not 
least environmental aspects. Recent reviews[109, 156, 157] outline some of the trends and 
challenges in polyolefin chemistry. The authors emphasize the need for synthesis of new 
types of polyolefin copolymers and block copolymers. On the one hand, olefinic 
copolymers can be applied as compatibilizer for blends of polyolefins and polar polymers, 
such as polyamides and polyesters. On the other hand, polyolefin-based copolymers and 
composites containing bio-degradable components could be used e.g. for packaging 
materials reducing their environmental impact. Furthermore, special characteristics can be 
achieved by fabrication of polyolefin nanocomposites that possess synergistic properties 
originating from both polyolefin and filler. As it can be noticed, the polyolefin research is 
still far from being mature and hence, the continuation of studies on this topic is of a great 
importance. 
The aim of this work is focused on improvement of the properties and enhancement of the 
application potential of polyolefins by choosing modern synthesis methods to create new 
polyolefin-based structures and materials. Following this aim, the present work has been 
divided into three main issues which objectives are specified below. 
 
 
α-olefin based copolymers 
and composites
comb-like copolymers nanocompositescontrolled olefin polymerization
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1. Employment of controlled olefin polymerization as a tool for the synthesis of olefin 
block copolymers 
Controlled or living polymerization unlike the conventional metallocene polymerization 
allows synthesis of olefin block copolymers by applying a catalyst capable of generating a 
living system. To achieve this goal the synthesis of a suitable, however, not commercially 
available catalyst is necessary. Therefore, bis(phenoxyamine) zirconium catalysts with two 
types of tetradentate ligands possessing cumyl or 1-adamantyl ortho-substituents should be 
prepared. The syntheses are to be conducted in collaboration with the workgroup of Prof. 
S. Miller from the University of Florida in the framework of a tri-national IUPAC project 
(Germany, Brazil, USA). The obtained catalysts have to be first tested in 
homopolymerization of propene and longer α-olefins in order to investigate their controlled 
polymerization behavior. Finally, syntheses of olefin block copolymers incorporating 
polypropylene and 1-undecene, as preliminary tests for synthesis of amphiphilic block 
copolymers containing polypropylene and polar α-olefins should be performed. 
2. Reduction of polyolefins environmental impact via synthesis of olefin based copolymers 
with biodegradable component 
Olefin copolymers with well-defined and controllable content of poly(ε-caprolactone) have 
to be synthesized. The goal is to fill the gap in the recently available polymer systems 
incorporating polyolefin and PCL. Looking at the diversity of the available structures, 
comb-like copolymers with densely grafted biodegradable polymer have not been reported 
yet. This particular structure is of great importance to improve the compatibility of 
polyolefins and introduce functionality in their structure.  
Thereby, poly(10-undecene-1-ol) is chosen as a multihydroxyl initiator for the ring-
opening polymerization of ε-caprolactone in an attempt to obtain comb-like structures 
upon grafting reaction. Furthermore, the content of grafted PCL has to be well-defined and 
controllable during the synthesis step. Subsequently, a detailed molecular and 
morphological characterization of obtained copolymers is required. 
3. New polyolefin nanocomposites by in situ polymerization using organomodified 
aluminophosphate with kanemite-like structure as filler 
Perfectly defined structure of organomodified aluminophosphates offers a possibility to use 
them as filler for polymer nanocomposites, especially for polyolefin-based 
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nanocomposites. This particular application of AlPO-kanemite has never been investigated 
before. In the present work this filler, synthesized and provided by the group of Prof. H.O. 
Pastore form the University of Campinas in the framework of a tri-national IUPAC project 
(Germany, Brazil, USA), is to be used for synthesis of nanocomposites via in situ method.  
Furthermore, melt composites with the same filler should be prepared and compared in 
terms of their properties and morphology with the in situ nanocomposites. 
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4. Results and Discussion 
4.1. Controlled homo-and copolymerization of olefins 
The framework of this part was to perform a controlled polymerization of α-olefins with 
high control of isoselectivity. In the next step the synthesis of block copolymers consisting 
of polypropylene and higher poly(α-olefin) will be performed.  
For this purpose the family of octahedral bis(phenoxyamine) complexes has been chosen 
because of their ability to produce highly isotactic polymers in a controlled manner at room 
temperature. Additionally, their relatively low activities should allow better control over 
molecular weight. As mentioned in the introductory chapter, the previous work suggests 
that block copolymers can be made with this class of catalysts, but it was not obvious if 
those catalysts are active for polymerization of α-olefins higher than 1-hexene. Also the 
formation of block copolymers incorporating α-olefins higher than propene has not been 
performed before utilizing this class of catalyst.  As already comprehensively described in 
chapter 2.1.3 the stereoselectivity and activity of the bis(phenoxyamine) catalysts, similar 
as for the metallocene and other coordination catalysts, depend strongly on the steric 
demands of the ligands surrounding the metal, which influence the steric and electronic 
properties of the active pocket. Herein two bis(phenoxyamine) complexes with different 
ligand geometry developed by Kol[51] have been synthesized and applied for controlled 
polymerization of α-olefins. The synthesis of bis(phenoxyamine) complexes has been 
performed at the University of Florida (USA) during research stay in the workgroup of 
Prof. Stephen A. Miller in a framework of IUPAC project. 
 
4.1.1. Synthesis of Bis(phenoxyamine) Complexes 
The synthesis of octahedral Zr(IV) complexes with tetradentate [ONNO]-type ligands was 
performed in three steps: 
I. Synthesis of phenol with suitable substituents. 
The 2-(1-adamantyl)-4-methylphenol for the synthesis of adamantyl-substituted catalyst 
has been purchased commercially. 2-cumyl-4-methylphenol (Figure 4.1) has been prepared 
similar to the procedure described by Busico et al.[66] with minor change of reaction 
temperature and extension of reaction time. The experimental details have been described 
in section 7.3.2. 
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Figure 4.1 Synthesis of 2-cumyl-4-methylphenol. 
 
The chemical structure of the synthesized 2-cumyl-4-methylphenol was confirmed by  
1H NMR analysis (Figure 9.1). 
 
II. Synthesis of tetradentate [ONNO]-type ligands 
The ligands were prepared by Mannich condensation reaction of secondary amine, 
formaldehyde and the appropriate phenol in methanol as a solvent (Figure 4.2). The 
reaction was carried out according to the procedure reported in the literature[66] and has 
been described in details in point 7.3.2. 
 
 
 
 
 
 
 
 
 
Figure 4.2 Synthesis of adamantyl/ cumyl substituted ligand. 
 
The chemical structure of the synthesized ligands was confirmed by 1H and 13C NMR 
analyses (Figure 9.2 - Figure 9.4). 
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III. Synthesis of Zirconium Complexes 
The formation of the complex was performed according to the literature[66] by 
simultaneous coupling reaction of appropriate ligand with equimolar amount of 
tetrabenzylzirconium in toluene (Figure 4.3). The experimental details have been described 
in section 7.3.2. 
 
Figure 4.3 Formation of C2-symmetrical complexes (R1 = cumyl or 1-adamantyl). 
 
The chemical structures of the synthesized catalyst precursors were confirmed by 1H NMR 
analysis (Figure 9.5). The obtained results fit the reference data presented by Busico.[66] 
 
The schematic structures of bis(phenoxyamine) catalysts used in this study are drawn 
below (Figure 4.4). 
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Figure 4.4 Structures of bis(phenoxyamine) catalysts used in this study: (a) cumyl (bPA-c) 
and (b) 1-adamantyl (bPA-a) substituted catalyst. 
 
4.1.2. Homopolymerization of α-olefins using post-metallocenes and conventional 
metallocene catalyst 
Table 4.1 lists some examples of typical propene, 1-hexene and 1-undecene polymerization 
results that were obtained with the two bis(phenoxyamine) complexes (bPA-c and bPA-a) 
presented in Figure 4.4 and conventional Et(ind)2 catalyst for comparison purposes. 
Polymerization conditions were chosen considering the reported optimal conditions for 
propene polymerization promoted by bPA catalysts.[64, 158] For the polymerization of 1-
hexene and 1-undecene, 10 times higher catalyst concentration has been chosen since it is 
well known that the reactivity of higher α-olefins is much lower in comparison to propene. 
The 2,6-di-tert-butyl-phenol (TBP) was used to scavenge the free AlMe3 (TMA) contained 
in commercial MAO, since it has been shown to remarkably reduce the activity of the 
catalyst due to the chains transfer via trans-alkylation.[32] As a result of the reaction of 
TMA with TBP, MeAl-(2,6-ditertbutylphenoxide)2 is formed, which does not affect the 
activity (Figure 4.5). 
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Figure 4.5 Reaction between TMA from MAO and TBP to form MeAl-(O-Ph(tBu)2)2. 
 
Table 4.1 Characteristics of 1-undecene, 1-hexene and propene homopolymers synthesized 
using bPA and Et(ind)2 catalysts. 
sample monomer Catalys
t 
activityc 
 
 d 
[g mol-1] 
 / d [mmmm]e 
[%] 
Tmf 
[°C] 
PP-1 
PP-2a 
PP-3a 
propene Et(ind)2 
bPA-c 
bPA-a 
21000g 
2880g 
1290g 
25500 
41000 
47500 
1.6 
1.6 
1.2 
> 90 
> 90 
> 96 
137.7 
134.6 
154.8 
PHex-1 
PHex-2b 
PHex-3b 
1-hexene 
 
Et(ind)2 
bPA-c 
bPA-a 
1230h 
27h 
135h 
11500 
17500 
16500 
1.7 
1.7 
1.6 
n.d. 
> 95 
> 98 
n.d. 
n.d. 
n.d. 
PUen-1 
PUen-2 
PUen-3b 
PUen-4b 
1-undecene 
 
 
Et(ind)2 
Ph2Octi 
bPA-c 
bPA-a 
1370h 
195h 
105h 
217h 
14500 
77000 
25000 
24000 
2.0 
1.8 
1.7 
1.5 
> 96 
n.q. 
> 98 
> 98 
28.1 
n.q. 
23.0/37.3 
24.2/38.0 
a
 conditions: tp= 60 min; [TBP]/[Al]= 0.5; [Al]/[Zr]= 420; Ccat= 0.1 mmol L-1 
b
 conditions: : tp= 360 min; [TBP]/[Al]= 0.5; [Al]/[Zr]= 420; Ccat= 1 mmol L-1 
c catalyst activity in kgpol/(molcat*tp[h]*molmon) 
d determined by SEC/ LS detector 
e determined by 13C NMR 
f analyzed by DSC 
g
 calculated after 60 min of reaction using polymer yield calculated from propene consumption 
value 
h calculated after 6h of reaction using polymer yield  
i
 Ph2C(Oct)(C5H4)ZrCl2 (Oct = octamethyloctahydrodibenzofluorenyl) 
Tpol=25 °C, solvent: toluene, activation with MAO/ TBP 
n.d.- not determined; n.q.- not quantifiable 
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It has to be noted that the term catalyst activity in case of 1-hexene and 1-undecene 
polymerization is just used for comparison of the productivity of applied catalyst within 
the presented experiments. In fact, the calculation of catalyst activity requires a constant 
monomer concentration by maintaining a constant pressure (for gaseous monomers) or 
continuous addition of monomer (liquid monomers).[159] In the present study a constant 
monomer concentration was ensured just for polymerization of propene using a press-flow 
controller. For the longer α-olefin polymerization (1-hexene and 1-undecene) the high 
monomer conversions up to 60 % does not allow an absolute estimation of catalyst 
activity.  
Generally it was observed that the activity for Et(ind)2 catalyst is much higher than for the 
bPA catalysts. This effect arises from differences in mechanism of polymer chain 
formation between the conventional non-living polymerization and the controlled 
polymerization. In the former case more polymer chains can be formed per catalyst center, 
whereas for the latter just one chain is formed at every active metal center.[49] This causes a 
lower productivity in case of olefin polymerization via controlled mechanism and is an 
undeniable drawback of this process. 
Activity and stereoselectivity of the tested bPA catalysts were found to be dependent on 
both, the size of monomer molecule (length of side chain) and the bulkiness of the ligand. 
Thereby, the activity for 1-hexene was found to be the lowest one relative to propene and 
1-undecene, but still in line with the data published in the literature. Similar activities 
between 30 and 60 kgpol/(molcat*h) have been reported by Tshuva et al.[51, 160] for the family 
of bis(phenoxyamine) catalysts.  
To analyze the degree of regularity of polyolefins 13C NMR spectroscopy is commonly 
used.[161] The chemical shift of methylene group signal is influenced by the configuration 
of neighboring stereocenter. Hereby, two orientations are possible: meso (m) if the next 
monomer unit is inserted in the same configuration and racemo (r) if the next monomer 
unit possesses opposite configuration (Figure 4.6). By using 13C NMR the signals of dyads 
(neighboring units) or customarily pentads are evaluated.   
 
 
 
 
 Figure 4.6 Adapted Fischer projections for (a) isotactic and (b) atactic poly(α-olefin). 
m m m m r r r r 
a) b) 
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The analysis of stereosequence distribution of the polymers derived from Et(ind)2, bPA-c 
and bPA-a catalysts reveals that all of them are capable of generating highly isotactic 
products (Table 4.1).  
Figure 4.7 shows 13C NMR spectra of poly(1-undecene) samples synthesized with three 
different catalysts. The upper spectrum shows a typical result for polymerization with bPA 
complexes, where the stereodefects are almost absent. The bottom spectrum shows an 
atactic poly(1-undecene) for comparison. 
 
Figure 4.7 Comparison of 13C NMR spectra of poly(1-undecene)s samples with different 
tacticities.  
 
As a matter of fact, the highest stereoselectivity was achieved with the bPA-a catalyst, 
which implies that the steric hindrance imposed by bulky 1-adamantyl substituents 
effectively suppresses the misorientation of growing polymer chain. By employing a less 
sterically-demanding ligand, such as the cumyl substituted one, the stereoselectivity 
decreases slightly. The obtained results are in line with the data recently reported by 
Busico[66], where the content of isotactic pentads was about 98.5 % and 89 % for bPA-a 
and bPA-c catalyst, respectively. The polypropylene prepared with bPA-c complex (PP-2) 
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has a melting temperature of 134.6 °C, while that derived from bPA-a complex exhibits a 
melting temperature of 154.8 °C attributed to higher isotacticity, and thus presumably 
higher crystallinity. 
In addition, it was be observed that the polymerization occurs in more stereospecific 
manner when 1-hexene or 1-undecene is polymerized compared to propene 
polymerization. However, these differences are not dramatic and remain above 90 % of 
isotactic pentads content. The increase of the stereoselectivity in the polymerization of 
higher α-olefins with respect to propene has been previously observed for both 
metallocene[162] and non-metallocene catalysts.[163] This behavior is most likely attributed 
to the restriction caused by a coordinated monomer with longer side chain length, thus a 
bulkier growing chain. In that case the next monomer unit has a bigger chance to 
coordinate and insert at the more isoselective and at the same time the less hindered 
site.[164] The influence of monomer size on the polymer stereoregularity has been studied as 
well using  QM/MM calculations for metallocene-catalyzed polymerization.[165] This study 
shows that the origin of the enhanced stereoselectivity for longer α-olefin vs. propene is 
mainly attributed to the larger size of the growing chain of longer poly(α-olefin) compared 
to polypropylene. Moreover, a secondary effect caused by a steric interaction between the 
olefin and the catalyst ligand has been found. 
Interestingly, the catalyst possessing more sterically-demanding adamantyl ligand shows a 
higher activity for 1-hexene and 1-undecene polymerization with respect to the catalyst 
prepared with cumyl ligand. Similar phenomenon has been observed in olefin 
polymerization with Brookhart-type catalysts.[63] The role of bulky substituents has been 
studied with combined density functional theory (DFT) and molecular mechanics. It was 
found that the bulky ligand destabilize the resting state complex, which results in lowering 
of the insertion barrier. Moreover the bulkier ligand destabilizes the transition state more 
effectively than a less-bulkier substituent. These effects could be the reason for higher 
activity in polymerization catalyzed by bPA-a with bulky adamantyl ligand observed in 
present study. 
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4.1.3. Kinetic studies of α-olefin homopolymerization using post-metallocenes 
and conventional metallocene catalyst 
Two octahedral bPA complexes have been targeted to test their behavior in polymerization 
of propene and 1-undecene and to compare it with the conventional metallocene (Et(ind)2) 
catalyzed polymerization. Kinetic studies have been performed in order to examine the 
controlled character of the polymerization. The primary objective of the kinetic study was 
to monitor the monomer consumption (propene) or conversion (1-undecene) over 
polymerization time, and further the evolution of molar mass throughout the 
polymerization reaction.  
 
Table 4.2 Summary of samples of the kinetic studies and their molecular characteristics. 
sample catalyst monomer 
concentration 
[mol L-1] 
tp  
[min] (propene)  
[h] (Uen) 
 a 
[ g mol-1] 
 / a 
PP-4 b Et(ind)2 
 
1.5 10 
30 
90 
120 
44300 
43800 
43100 
43400 
1.2 
1.2 
1.2 
1.2 
PP-5 c bPA-c 3.0 30 
95 
150 
240 
55300 
70900 
72800 
72600 
1.2 
1.2 
1.2 
1.2 
PP-6 c bPA-c 2.2 30 
60 
90 
120 
46200 
59400 
64600 
66200 
1.2 
1.2 
1.3 
1.3 
PP-7 c bPA-c 1.5 10 
20 
30 
60 
90 
120 
37000 
40000 
38600 
54300 
58200 
60700 
1.3 
1.2 
1.2 
1.2 
1.2 
1.2 
PP-8 c bPA-a 2.2 30 
60 
90 
120 
150 
240 
26300 
38900 
48100 
55700 
62700 
80800 
1.2 
1.2 
1.2 
1.3 
1.2 
1.3 
PP-9 c bPA-a 1.5 30 
60 
90 
120 
150 
23900 
33100 
41000 
50000 
53700 
1.1 
1.2 
1.4 
1.4 
1.4 
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240 61000 1.5 
PP-10 c bPA-a 3.0 30 
60 
90 
120 
150 
240 
41600 
51400 
61400 
77200 
83300 
94200 
1.1 
1.2 
1.2 
1.2 
1.3 
1.5 
PUen-5 d Et(ind)2 0.561 1 
3 
6 
20 
30 
50 
28600 
27100 
29000 
26700 
28600 
28400 
1.7 
1.7 
1.6 
1.7 
1.6 
1.8 
PUen-6 e bPA-a 0.578 1 
3 
6 
20 
30 
50 
29400 
46800 
55800 
66300 
69200 
71600 
1.3 
1.5 
1.8 
1.9 
1.9 
1.8 
a determined by SEC/ LS detector 
b
 Tpol=25 °C; solvent: toluene; activation with MAO; [Al]/[Zr]= 4000; Ccat= 0.01 mmol L-1 
c
 Ccat= 0.2 mmol L-1 
e
 Ccat= 1 mmol L-1 
c,e
 Tpol=25 °C; solvent: toluene; activation with MAO/TBP; [TBP]/[Al]= 0.5; [Al]/[Zr]= 420; 
d
 Tpol=25 °C; solvent: toluene; activation with MAO; [Al]/[Zr]= 300; Ccat= 0.17 mmol L-1 
 
4.1.3.1. Homopolymerization of propene 
The kinetics of propene polymerization has been studied by monitoring the monomer 
consumption using computer software. Constant propene concentration during the reaction 
has been ensured using a press flow controller (Büchi) by keeping the propene pressure 
and polymerization temperature constant. Since the monomer was added in gaseous state 
and its concentration was kept constant, an explicit conclusion about the monomer 
conversion is not possible in this case. Therefore, just the consumption of propene will be 
considered. 
 
 
 
Results and Discussion    55   
 
 
 
0 10 20 30 40 50 60
0
10
20
30
40
50
60
 propene consumption (bPA-c cat.)
 propene consumption (bPA-a cat.)
pr
o
pe
n
e 
co
n
su
m
pt
io
n
 
[m
m
o
l]
polymerization time [min]
0
25000
50000
75000
100000
125000
 activity (bPA-c cat.)
 activity (bPA-a cat.)
a
ct
iv
ity
 
[kg
PP
/(m
o
l ca
t*
t p*
m
o
l mo
n
)]
 
Figure 4.8 Propene consumption and catalyst activity as a function of polymerization time 
for bPA-c (PP-2) and bPA-a (PP-3) catalyzed polymerization 
 
Figure 4.8 shows representative curves for propene polymerization catalyzed by bPA 
catalysts. Continuous growth of propene consumption has been observed with both, bPA-c 
and bPA-a catalyst. Sharp increase of propene consumption at the beginning of reaction is 
due to the injection of catalyst toluene solution into the reactor and the resulting dissolution 
of additional propene amount in the injected solvent. Activity of both catalysts is 
decreasing throughout the polymerization time, whereby the bPA-c catalysts turned out to 
be more active for propene polymerization than the bPA-a catalyst. These results are in 
good agreement with those reported by Busico et al.[66] The authors observed much higher 
productivity for the propene polymerization promoted by bPA-c catalyst and attributed this 
effect to a much faster chain propagation in comparison to the polymerization promoted by 
bPA-a catalyst bearing bulky ligand substituents. 
Evolution of molar mass during polymerization has been investigated for both, bPA-c and 
bPA-a complex as well as for conventional metallocene catalyzed polymerization. The 
molar masses of polypropylene obtained with these catalysts as a function of 
polymerization time are shown in Figure 4.9. Corresponding SEC chromatograms are 
presented in Figure 4.10. 
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Figure 4.9  of PP as a function of polymerization time for (a) bPA-c and (b) bPA-a 
catalyst compared to Et(ind)2 catalyst; Cp – propene concentration. 
a) 
b) 
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Figure 4.10 SEC chromatograms: evolution of molar mass as a function of propene 
polymerization time and catalyst (a) Et(ind)2 (PP-4); (b) bPA-c (PP-7) and (c) bPA-a (PP-8) 
 
An asymptotical growth of molar mass in function of the polymerization time has been 
observed for post-metallocene bPA catalysts. As a matter of fact, as can be seen from 
Figure 4.9, the polypropylene derived from bPA-c catalyst shows a growth of molar mass 
in time range only up to 120 min. Thereby, a sharp increase over the early stages of 
polymerization up to 90 min, followed by a plateau is observed. When bPA-a catalyst has 
been applied the molar mass of polypropylene was growing continuously over the entire 
time range. It is fair to admit that the duration of the controlled kinetic regime is longer for 
bPA-a catalyst. Besides, the molar mass capability of polypropylenes obtained depends on 
the concentration of propene. Similar asymptotic plot of  as a function of 
polymerization time has been already reported by Busico[44] for ethylene polymerization 
catalyzed by bPA with t-butyl substituents (Figure 4.11). Also in that case a broadening of 
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polyethylene dispersity from 1.3 to 1.8 over the polymerization time (1.5 to 20 min) has 
been observed, and attributed to chain transfer reactions.  
 
 
Figure 4.11 Number-average molar mass () as a function of polymerization time (tp) for 
ethene homopolymers prepared at 25 °C in the presence of bPA t-butyl catalyst.[44] 
Adapted with permission from Macromolecules, 2003, 36, 3806. Copyright 2003, 
American Chemical Society. 
 
In contrast, conventional metallocene catalyst Et(ind)2 showed a constant molar mass 
throughout the entire polymerization time. This implies that the chain growth time is 
relatively low, whereby after a chain termination or transfer next chain starts to grow. After 
a certain molar mass is achieved the growing chain is terminated. This mechanism is 
responsible for the higher activity of conventional metallocene catalysts with regard to 
catalysts with controlled polymerization behavior. Whereas the former can produce many 
polymer chains per one active catalyst center as a result of chain transfer and termination 
reactions, the latter allow a formation of just one polymer chain per catalyst center.[49] 
Thereby, it is well known that the obtained molar mass and the polymer dispersity depend 
on the polymerization conditions such as temperature as well as catalyst and monomer 
concentration.[166]  
Continuous growth of molar mass, as well as the absence of unsaturated polymer end 
groups in 1H NMR spectra (Figure 4.12b and c) of the polymers derived from bPA 
catalysts indicate that the polymerization occurs in controlled manner that is free of 
termination via β-hydride elimination. On the contrary, the olefinic spectrum region of 
Results and Discussion    59   
 
 
typical polypropylene derived from Et(ind)2 catalyst (Figure 4.12a) shows mostly 
vinylidene (4.7 and 4.8 ppm) end groups and a small amount of vinylene end groups, as 
assigned according to literature.[34] 
 
Figure 4.12 Olefin region of 1H NMR spectra (C2D2Cl4, 120 °C) of polypropylenes 
obtained with (a) Et(ind)2, (b) bPA-c and (c) bPA-a  catalyst. 
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4.1.3.2. Homopolymerization of 1-undecene 
The kinetics of 1-undecene polymerization has been studied by following the conversion of 
1-undecene and the resulting molar masses throughout the polymerization time by 
applying 1H NMR and SEC analyses as described in the Experimental Section. 
Since the polymerization of 1-undecene catalyzed by bPA-a showed higher activity in 
comparison to the bPA-c catalyzed polymerization (Table 4.1), just the former catalyst has 
been used for the kinetic studies.  
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Figure 4.13 Monomer conversion and catalyst activity in the homopolymerization of  
1-undecene as a function of polymerization time for bPA-a catalyst. 
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Figure 4.14 Evolution of molar mass and corresponding SEC chromatograms as a function 
of polymerization time and catalyst (a,b) Et(ind)2 (PUen-5) and (c,d) bPA-a (PUen-6). 
 
For the post-metallocene bPA-a catalyst, continuous growth of conversion (Figure 4.13) 
and molar mass up to certain reaction time was found suggesting a negligible frequency of 
termination reactions. Observed asymptotical dependence of molar mass on polymerization 
time (Figure 4.14c) is typical for “quasi-living” kinetic character as defined by Keii et 
al.[167]. In this process chain transfer reactions are not negligible but relatively slow in the 
time scale of the experiment. 
By contrast, for the metallocene catalyst the situation turned out to be reversed, as slight 
decrease of average molar mass over the polymerization time range has been observed. 
This behavior can originate from a much higher chain transfer rate and occurrence of chain 
transfer and termination reaction (see chapter 2.1.2.1). In this case, similar like for the 
polymerization of propene presented above, many polymer chains are formed per active 
catalyst center, but at the later stages of polymerization the frequency of chain transfer and 
termination might be higher due to the decreased catalyst activity. This leads to a lower 
molar mass of the produced poly(1-undecene). 
 
d) c) 
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Figure 4.15 Olefin protons region of 1H NMR spectra (CDCl3) of poly(1-undecene)s 
obtained with (a) Et(ind)2, (b) bPA-c and (c) bPA-a catalyst.  
 
The olefinic protons region of the 1H NMR spectra (Figure 4.15) shows that the 
conventional Et(ind)2 catalyst produces poly(1-undecene), which is for the majority 
terminated by vinylidene units (4.65- 4.75 ppm) suggesting a chain termination via primary 
β-H-transfer. Possible mechanisms leading to this type of unsaturated end group have been 
presented in Figure 2.6 a and c. An additional signal from a trisubstituted internal double 
bonds resonating at 5.15 ppm and internal double bonds at 5.3- 5.45 ppm has been 
detected. In the 1H NMR spectra of poly(1-undecene)s deriving from bPA-c catalyst 
(Figure 4.15b), only signals arising from internal double bonds (5.3- 5.45 ppm) have been 
observed. This indicates that the main termination mechanism is the β-H-transfer after a 
secondary insertion. As a result, two principle structures are possible. Thereby, each of 
them can occur either in a cis or in a trans geometry (Figure 4.16).  
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Figure 4.16 Unsaturated end groups arising from secondary β-H-transfer reaction.[162] 
 
In the 1H NMR spectrum of poly(1-undecene) derived from bPA-a catalyst (Figure 4.15c) 
beside the signals originating from internal double bonds (5.3- 5.45 ppm) additional signals 
between 4.65-4.82 ppm can be observed. The first two peaks centered at 4.7 ppm arise 
from vinylidene (2-propenyl) end group formed as a result of a chain termination via 
primary β-H-transfer. This vinylidene end group can isomerize under acidic conditions to a 
thermodynamically more stable group as described by Resconi et al.[43, 162] for polybutene 
and polypropylene isomerization. The acid catalyzed isomerization is outlined in Figure 
4.17.  
H+
 
Figure 4.17 Isomerization of a vinylidene end group of polybutene resulting in two new 
structures.[162] 
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Since the polymerization of 1-undecene catalyzed by bPA catalysts was quenched by 
addition of acidified methanol solution it is reasonable to assume that an isomerization of 
the terminal vinylidene group has taken place. The resulting internal double bonds give a 
doublet centered in the 1H NMR spectrum at 4.79 ppm (Figure 4.15). 
 
The conversion of monomer is followed by increase of molar mass. This dependence 
shown in Figure 4.18 is an indication of a controlled polymerization behavior.  
  
Figure 4.18 Evolution of poly(1-undecene) (a) average molar mass () and (b) molar 
mass dispersity as a function of 1-undecene conversion [mol %] using bPA-a catalyst. 
 
 a) 
 
b) 
 
 
Figure 4.19 Dispersity evolution as a function of polymerization time for 1-undecene 
polymerization catalyzed by (a) Et(ind)2 and (b) bPA-a complex. The red dashed-lines 
show a typical dispersity for metallocene-catalyzed polymerization. 
b) 
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In spite of the controlled behavior the molar mass dispersities were higher than expected 
for a truly living behavior, which might be due to slow initiation reaction or slow chain 
transfer. After 1h of reaction the dispersity was about 1.3 and during the polymerization it 
was approaching 2.0, which is the typical value of a Schultz-Flory distribution (Table 4.2). 
Usually narrower dispersities are observed for living polymerization, and do not exceed the 
value of 1.3.[48] However, higher dispersities of about 1.3 to 1.6 have been observed for α-
olefins with long side chains, e.g. 1-octene and 1-decene.[168] It has to be mentioned that 
most of the living catalyst systems reported in the literature have been used at a 
temperature, which is far below room temperature. Since the increase of dispersity in 
function of polymerization time and accordingly monomer conversion is attributed to chain 
transfer and termination reactions, it is fair to assume that when conducting the 
polymerization at room temperature in this study, the dispersity values will be higher. 
Higher than expected dispersity may be also due to the fact that some chains keep growing 
whereas some remain in a dormant state after a 2,1-misinsertion. As pointed out by Busico 
et al.[169] the insertion rate of next monomer after a 2,1-regioerror is 100 – 1000 times 
slower than for primary insertion into Zr-alkyl bond. Although 2,1-insertions are rather 
infrequent, the aforementioned internal double bonds (Figure 4.15 and Figure 4.16) 
observed in polymers derived from bPA catalysts indicate that the 2,1-insertions are likely 
an important deactivation pathway for the discussed system, inhibiting the catalytic 
activity. 
 
Calculation of kinetic parameters 
According to Keii et al.[167] the asymptotic plot of molar mass vs. polymerization time 
(Figure 4.14c) can be linearized in terms of the known Natta’s equation for constant 
concentration of polymerization centers: 
                              
	
 = 
 = []+ []                                             (3) 
Pw       weight average degree of polymerization 
M1     molar mass of the monomer; MUen = 154.3 g mol-1 
[M]   monomer concentration (Table 4.2) 
kp      kinetic constant of chain propagation 
ft      average frequency of chain transfer 
tp polymerization time 
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Concerning the Equation (3) and the data from Table 4.2 the plot from Figure 4.14c has 
been linearized giving following results presented in Figure 4.20. 
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Figure 4.20 Kinetic plot: reciprocal of average degree of polymerization (1/Pw) vs. 
reciprocal of polymerization time (1/t) for Uen polymerization (PUen-6) catalyzed by bPA-
a catalyst. The dashed line is a linear fit of the data. 
 
From the values of intercept with Y-axis and slope, the kinetic parameters (kp and ft) have 
been derived. The results obtained for 1-undecene with bPA-a catalyst are presented in 
Table 4.3, along with the data for ethylene and propene as reported in literature for 
comparison purposes. For the polymerization of 1-undecene with Et(ind)2 the calculation 
of kinetic parameters was not possible by applying the same method as for the bPA 
catalyst. High 1-undecene conversion of more than 90 % after 1h of polymerization 
suggests a high propagation constant. Furthermore the nearly constant molar mass as a 
function of polymerization time (Figure 4.14a) indicates much higher frequency of chain 
transfer with respect to the bPA catalyzed polymerization.  
The obtained kinetic parameters imply that the bPA catalyzed polymerization occurs much 
slower in terms of initiation as well as termination comparing to the conventional 
metallocene catalyzed polymerization. The remarkable reduction of chain transfer 
frequency is favorable for the targeted synthesis of block copolymers since a non-
terminated chain can be used to initiate the polymerization of second monomer. 
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Table 4.3 Kinetic parameters: comparison with literature data. 
monomer catalyst kp [L mol-1 s-1] ft
 
 [s-1] 
ethene[170] metallocenea 2.6 * 105 7 ± 2 
propene[170] metallocenea 4.7 * 103 2.3 ± 0.7 
propene[64] bPA-a 0.064 1.14 * 10-4 
propene[64] bPA-c 1.03 2.78 * 10-4 
1-undecene Et(ind)2 n.q. n.q. 
1-undecene bPA-a 0.154   1.93 * 10-4 
a
 rac-Me2Si(2-methyl-4-phenyl-1-indenyl)2ZrCl2 
n.q. not quantifiable 
 
4.1.4. Synthesis and characterization of PUen-“b”-PP copolymers  
In Table 4.4 the polymerization conditions for selected “block” copolymers are listed. The 
concentration of 1-undecene was kept constant for both experiments, whereas the 
concentration of propene was increased for the synthesis of PUen-“b”-PP-2. The change 
of propene pressure and the polymerization time was applied to influence the incorporation 
ratio of both monomers. 
In the present chapter for the discussion of the diads content and their assignment an 
abbreviation U for 1-undecene (Uen) and P for propene will be used for the sake of 
simplicity. 
 
Table 4.4 Polymerization conditions for synthesis of PUen-“b”-PP copolymers 
sample 
 
monomer I monomer II tpI 
[min] 
tpII 
[min] 
PUen-“b”-PP-1 1-undecene 
0.569 mol L-1 
propene 
1 bar 
0.624 mol L-1 
300 120 
PUen-“b”-PP-2 1-undecene 
0.569 mol L-1 
propene 
3.5 bar 
4.471 mol L-1 
720 120 
Tpol=25 °C; solvent: toluene; activation with MAO/ TBP; [TBP]/[Al]= 0.5; [Al]/[Zr]= 420; cat: 
bPA-c. 
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In Table 4.5 representative examples of polymer systems incorporating poly(1-undecene) 
and polypropylene are shown, prepared as described in the Experimental Section. For 
comparison purposes, a solution blend and statistical copolymer were synthesized. The 
NMR spectra of the samples are displayed in Appendix 3. 
 
Table 4.5 Selected results of propene copolymerization with 1-undecene promoted by  
bPA-c catalyst, Et(ind)2 catalyst as well as comparison with a statistical copolymer and a 
blend incorporating PP and PUen. 
sample catalyst structure 
composition  
[mol %] 
Mn a 
[g mol-1] 
Mw/Mn a 
[P] [U] 
PUen/ PP -- blend 73.9e 26.1e 
11500c/ 
68500d 
--
 
PUen-“b”-PP-1 bPA-c 
“block” 
copolymer 
45.0e 
43.2f 
55.0e 
56.8f 
37000 1.4 
PUen-“b”-PP-2 bPA-c 
“block” 
copolymer 
68.2e 
66.7f 
31.8e 
33.3f 
56000 1.4 
P(P-co-Uen) Et(ind)2 
statistical 
copolymer 
88.0e 
89.0f 
12.0e 
11.0f 
39000 1.2 
a SEC/ LS 
c
 starting material (PUen) synthesized with Et(ind)2 as catalyst at 30 °C in toluene  
d starting material (PP) synthesized with MBI catalyst at 60 °C in toluene 
e calculated from 1H NMR spectrum according to Equations (4) and (5); absolute estimation error = 
±1% 
f calculated from 13C NMR spectrum according to Equation (8); absolute estimation error = ±2% 
 
 
The low conversion in case of liquid 1-undecene (compare chapter 4.1.2) monomer at the 
time of addition of propene excludes a formation of “sharp” block copolymers consisting 
only of two separate blocks. Whereas when polymerization was conducted with inverted 
feed sequence (first propene, then 1-undecene) no incorporation of 1-undecene has been 
observed (not shown here) and only polypropylene was formed. Most probably, the huge 
reactivity difference between propene and 1-undecene does not allow any incorporation of 
the latter monomer, when the former is still present in the reaction mixture. Another 
explanation for this issue could be more rapid deactivation of the catalyst in case of 
propene polymerization, so that after the addition of the second monomer there are no 
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active catalyst species anymore. The investigation of polymerization kinetics of those two 
comonomers confirms this statement.  
 
4.1.4.1. Molecular characteristic 
In Figure 4.21 the SEC traces for blend and “block” copolymer are shown. While the blend 
shows a predictable bimodal distribution, the chromatogram of “block” copolymer is 
monomodal. Therefore, it is fair to admit that the homopolymer is absent in “block” 
copolymer sample and both PUen and PP “blocks” are chemically linked to each other. 
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Figure 4.21 SEC traces of the blend and “block” copolymer incorporating poly(1-
undecene) and polypropylene (see also Table 4.5). 
 
The composition of the copolymers and the blend has been calculated from signal 
intensities corresponding to each component in the 1H NMR spectrum. The NMR spectrum 
of the PUen/ PP blend is presented in Figure 9.9.  
To exemplify the calculation method a 1H NMR spectrum of statistical copolymer P(P-co-
Uen) with signal assignment is presented in Figure 4.22. The assignments are verified by 
the 1H-13C HSQC spectrum depicted in Figure 4.23. Considering the fact that the used 
Et(ind)2 catalyst leads to isotactic products, the signals arising from diastereotopic 
methylene protons in polypropylene have been assigned according to literature data.[34, 171] 
The terms syn and anti refer hereby to the methylene protons on the same and opposite 
sides of the polymer backbone plane, respectively. 
70                                                                                             Results and Discussion                                   
1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 0.9
Chemical Shift (ppm)
CH
CH2
CH2
CH3
CH2H2C
CH
CH3
7
1
9
α
1'
2-8
α'
β'β
1-undecene propene
A= 9 (U) + 1' (P) + α'syn (P)
α (U) / α' (P)
α (U)
1-8 (U) + α'anti (P)
β (U)
β' (P)
B
 
Figure 4.22 1H NMR spectrum (C2D2Cl4, 120 °C) of the copolymer P(P-co-Uen). 
 
The resonances between 1.03-1.10 ppm as well as 1.23-1.30 ppm arise from the methylene 
protons (α(U)/α’(P)) of mixed PU diads. The origin of the signals cannot be explicit 
assigned to one type of monomer (see also Figure 4.23). As a matter of fact, every mixed 
PU diad consists of neighboring propene and 1-undecene units. Therefore, it can be 
assumed that exactly half of the signal intensity (B in Figure 4.22) originates from propene 
α’-group and the other half from 1-undecene α-group. It is relevant to consider the 
presence of mixed PU diads when calculating the total amount of propene and 1-undecene 
incorporated into the copolymer (Equations (4) and (5)). 
									 = ()()	( ) = !"	( )"	(#$%&( )"	'()!"	(#$%&( )"	'()                                      (4) 
                                     	 = 1 −                                                                            (5) 
 
Thereby the intensities of 1’(P) and α‘syn(P) can be derived from the intensity of β’(P) 
according to the relation of proton number: 1’(P) = 3 α‘syn(P) = 3 β’(P) as follows from the 
chemical structure of propene unit. 
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Figure 4.23 Two dimensional 1H - 13C HSQC spectrum (C2D2Cl4, 120 °C) of “block” 
copolymer PUen-“b”-PP-1. 
 
For analysis of the copolymers microstructure 13C NMR spectroscopy was applied. Since 
the chemical shifts in the 13C NMR spectra correspond directly to the nuclear 
environments, this method enables to conclude about the comonomer incorporation and the 
sequence distribution.  As an example a two dimensional 1H - 13C NMR spectrum and a 13C 
NMR spectrum of the sample PUen-“b”-PP-1 with resonance assignment are presented in  
Figure 4.23 and Figure 4.24, respectively. 
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Figure 4.24 13C NMR spectrum (C2D2Cl4, 120 °C) of “block” copolymer PUen-“b”-PP-1, with signal assignment. U = 1-undecene; P = propene. 
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Crucial for the microstructure elucidation are the resonances between 38 and 45 ppm 
arising from α-methylene group in 1-undecene and propene units incorporated in polymer 
chain and possessing different chemical environment as depicted in the spectrum above  
(Figure 4.23 and Figure 4.24) and assigned according to literature.[172] In the spectrum of 
PUen-“b”-PP-1, beside the resonances of longer U (UUUU pentad) and P (PPPP pentad) 
sequences, also peaks arising from mixed pentads can be assigned. Focusing only on diads 
three spectral regions can be distinguished: 45.2 – 44 ppm for PP, 42.4 – 41.2 ppm for PU 
and 40.0 – 38.4 ppm for UU diads. Figure 4.25 shows the expanded methylene region of 
two chosen “block” copolymers and of a statistical copolymer (12 mol% U) for 
comparison purposes. Peak integration of the diad resonances gives the relative content of 
each of them, according to the following equations: 
 
         
[++] =     	 	 ; 	[+-] =    	 	 ; 	[--] =   	 	       (6) 
 
                                     
[++] + [+-] + [--] = 1                                                          (7) 
 
Thereby I stands for intensity of NMR signals in the corresponding diad signal region. The 
results are presented in Table 4.6 together with a calculation of samples “blockiness”. 
The incorporation rate XP and XU of the monomers can be calculated as: 
	 = [++] + 0.5 ∙ [+-]	234		 = [--] + 0.5 ∙ [+-]		567ℎ			 +  = 1                (8) 
The results of the composition calculation have been collected in Table 4.5. However, it 
must be mentioned, that the calculation of chemical composition is more exact when using 
the 1H NMR intensities (Equation (4) and (5)).  
In the 13C NMR spectra of the “block” copolymer samples (Figure 4.25a and b) the α-CH2 
group diads of neighboring 1-undecene units (UU) resonate at about 39 ppm as relatively 
sharp singlets indicating high isotacticity and homogeneous microstructure of the PUen 
block. On the other hand the resonances arising from PP diads are split into more signals 
observed between 44 and 45 ppm. The detailed assignment of the sequence signals is 
presented in Figure 4.24.  
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Figure 4.25 13C NMR (C2D2Cl4, 120 °C) spectra (region of backbone CH2 carbons – α, α’) 
with diad signals [PP], [PU] and [UU] and calculated diad content (a) PUen-“b”-PP-1, (b) 
PUen-“b”-PP-2 and (c) P(P-co-Uen). 
 
When comparing the spectra of the block copolymers in context of their blockiness the 
content of propene-(1-undecene) diads (PU and UP) is of crucial importance. For a perfect 
block copolymer the content of mixed diads PU/UP is negligible because there is only one 
unit from the junction between PUen and PP block. Moreover, the discussion of the 
blockiness of the copolymer always requires a consideration of the copolymer 
composition. To better understand this issue, the content of PU diads in “block” copolymer 
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is compared to theoretical content of PU diads in fully statistical copolymer calculated as 
follows: 
[++]9 = [+] ∗ [+]								[--]9 = [-] ∗ [-]						[+-]9 = 1 − [++]9 − [--]9            (9) 
where [P] and [U] is the total content of propene and 1-undecene, respectively, calculated 
from 1H NMR spectra. 
From the comparison of experimentally determined diad content in the discussed samples 
with the theoretically estimated statistical diad distribution (Table 4.6) based on the 
comonomer content, it will be concluded about the blockiness of the sample.  
As expected, the values calculated for the copolymer P(P-co-Uen) correlate well with the 
experimental data and confirm therefore the statistical incorporation of monomers in this 
copolymer.  
In “block” copolymers discussed in the present work the relative abundance of PU diads is 
higher than expected for a truly block copolymer but comparatively low compared to the 
theoretical values calculated for statistical copolymer. The occurrence of mixed diads 
reveals the structural imperfection which was referred by using the term “block” (“b”). 
Due to a relatively low conversion of Uen after its polymerization, there is still plenty of 
non-polymerized Uen in the reaction mixture. The additional PU diads arise therefore from 
incorporation of 1-undecene into polypropylene chain during the second polymerization 
step.  
Nevertheless, in the “block” copolymer sample PUen-“b”-PP-1 the PU diads content is by 
65 % lower than their theoretical content for a statistical incorporation of monomers (Table 
4.6). In case of the sample PUen-“b”-PP-2, by changing the reaction conditions, it was 
possible to decrease the content of PU diads down to 7 % which is a value by about 85 % 
lower in comparison with a corresponding statistical distribution (43.4 %).  
Based on a lower value of PU diads abundance in the copolymer PUen-“b”-PP-2 
compared to the calculated value of statistical diads distribution, it can be reasonably 
concluded about higher blockiness of this copolymer in comparison to the PUen-“b”-PP-1 
sample.  
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Table 4.6 Content of compositional diads in synthesized copolymers compared to 
theoretical diad content for statistical copolymer. 
sample structure 
comp.a 
[mol %] 
diad distributionb 
[%] 
statistical diad 
distributionc 
[%] 
P/ U [PP] [UP] [UU] [PP] [UP] [UU] 
PUen-“b”-
PP-1 
“block” 
copolymer 
45.0/55.0 35 17 48 18.7 49.0 32.3 
PUen-“b”-
PP-2 
“block” 
copolymer 
68.2/31.8 63 7 30 46.5 43.4 10.1 
P(P-co-Uen) 
statistical 
copolymer 
88.0/12.0 78 20 2 77.4 21.2 1.4 
a copolymer composition calculated from 1H NMR spectrum 
b relative content of compositional diads determined from 13C NMR spectra from main-chain CH2 
groups signal integrals (Figure 4.25); P = propene, Uen = 1-undecene 
c
 theoretical content of compositional diads for statistical copolymer calculated from Eq. (9) 
 
The tacticities of the copolymers cannot be directly estimated due to the superimposing 
effects of microstructure and stereosequence on the signal position. This results in very 
complex spectra especially for copolymers with moderated or low isotacticity. Some of the 
authors [172, 173] evaluated the tacticity of copolymers in the propene methyl spectral region. 
In fact, this approach can be used at low comonomer content, but for higher contents a 
broadening of all the signals due to an enhancement of the resonances of the irregular 
sequences was observed. For the same reason, in the present work only the sequence 
distribution at the diad level is evaluated and compared. Nevertheless, since the applied 
bPA catalyst is known to yield highly isotactic polymers (see Table 4.1) it seems fair to 
assume that the produced copolymers will be predominantly isotactic as well.  
 
4.1.4.2. Melting and crystallization behavior 
To gain further information about the degree of blockiness of the copolymers synthesized, 
melting temperatures for blend, “block” copolymer and statistical copolymer as well as for 
the corresponding poly(1-undecene) and polypropylene homopolymers for reference 
purposes have been determined.   
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Table 4.7 DSC results for the blend, statistic copolymer, “block” copolymer and 
corresponding PP and PUen homopolymers. 
sample structure Tm  
[°C]
 
∆Hm  
[J g-1] 
Tc,o  
[°C]
 
Tc,m  
[°C] 
PUen-3 PUen 
homopolymer 
s23/ 37.3 55.3 -4.7 -14.2 
PP-3 PP 
homopolymer 
154.8 113.4 121.8 119.3 
PUen/ PP blend s24/ 33.8 
143.8 
24.7 
52.2 
6.6 
116.0 
-3.5 
112.2 
P(P-co-Uen) statistical 
copolymer 
-2.9a 
34.3/ 63.7 
-7.2b 
20.3 
5.4 -6.8 
PUen-“b”-PP-2 “block” 
copolymer 
s24.3/ 37.3 
86.8 
44.7 
-2.5 
48.3 
-6.6 
19/ 22.5/ 34 
PUen-“b”-PP-2c “block” 
copolymer 
s21.6/ 36.7 
88.1 
28.0 
17.9 
2.3 
60.5 
-2.2 
51.7 
a
 cold crystallization temperature Tcc during heating 
b
 enthalpy of cold crystallization ∆Hc,c  
c
 scan rate: 2K min-1 
s – shoulder 
 
The DSC heating and cooling curves for different types of samples are shown in Figure 
4.26. Corresponding melting and crystallization temperatures are listed in Table 4.7. As 
expected, the blend shows two endothermic peaks: at 33.8 °C and 143.8 °C, which 
correspond well to PUen and PP homopolymers, respectively.  
During the heating run of the statistical copolymer P(P-co-Uen) so-called cold 
crystallization (marked with asterisk (*) in Figure 4.26a) followed by a broad melting 
range has been observed. It is well known that the crystallization process of polymers can 
be classified into two categories according to the difference in the initial state. Melt 
crystallization takes place when the polymer is initially in a molten state at a temperature 
higher than its Tm, whereas cold crystallization can occur when the initial state of the 
polymer is the amorphous state. The latter type of crystallization allows only nearest 
sequences of neighboring monomeric units to crystallize and does not cause a 
redistribution of initial crystals. This random process occurs as a result of lining up of 
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chains segments during heating and leads to formation of metastable cold crystals that melt 
at higher temperature.[174, 175] In the examined copolymer P(P-co-Uen) the cold 
crystallization takes place at Tcc = -2.9 °C. Its occurrence might be a result of incomplete 
melt crystallization of this sample indicated by a weakly pronounced exothermic signal in 
the corresponding crystallization curve in the Figure 4.26b.  
The cold crystallization is followed by a broad melting endotherm. Similar melting 
endotherm has been already observed for ethylene copolymers and attributed to a non-
uniform sequence and composition distribution resulting in a distribution of crystallite 
sizes.[176] Decrease of the melting temperature in a random copolymer is well known, since 
the incorporation of longer comonomer units leads to introduction of short-chain branches 
into the polymer chain. This causes a restriction of the crystallization process and reduces 
the size of crystallites.[176]  
The melting curve of blocky sample PUen-“b”-PP-2 shows two endothermic peaks. The 
maximum of the first endothermic peak is found at 37.3 °C representing the melting of 
PUen. In both, PUen-homopolymer and PUen-“b”-PP “block” copolymer a low 
temperature shoulder at about 24 °C is observed. This lower melting peak is related to the 
side chains crystallization in atactic poly(1-undecene) fraction followed by melting of 
isotactic polymer fraction as discussed by Magagnini for higher poly(α-olefin)s.[177] The 
second endotherm of the blocky sample at 86.8 °C can be assigned to the melting of PP 
sequences in the “block” copolymer. Crystallization occurs in two steps, at 48.3 °C and -
2.5 °C being assigned to PP and PUen components, respectively. Albeit both, melting and 
crystallization peaks of PP blocks are not very distinct and they are strongly shifted 
towards lower temperature values with respect to PP homopolymer. The significant 
decrease in melting and crystallization temperature can be explained by crystallization of 
PP being prevented due to the incorporation of 1-undecene between the propene 
sequences. In this way, the 1-undecene monomer units strongly hinder the crystal packing 
of PP chains similar as it has been already observed for the statistical copolymer (Figure 
4.26). This indicates that the blockiness observed in the 13C NMR spectra is rather short-
range, but the PP sequences are long enough to crystallize. As a matter of fact, the PUen-
block chemically bounded with PP could also affect the crystallization of PP if the two 
segments are not completely phase separated. On the other hand, the well distinction of 
melting and crystallization peaks of the PUen-block is understandable since Uen was the 
comonomer, which was first polymerized during the synthesis of “block” copolymer. 
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Hence, the first block is composed only of Uen units and its thermal behavior is not 
disturbed by a second monomer, as it is in the case of PP “block”.  
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Figure 4.26 DSC a) 2nd heating and b) cooling traces of blend, statistical copolymer, 
“block” copolymer and corresponding PP and PUen homopolymers. Curves have been 
vertically shifted for clarity. (*) - cold crystallization 
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DSC analysis at a low heating and cooling rate of 2 K min-1 allowed better distinction of 
crystallization peaks in “block” copolymer sample as can be seen in Figure 4.27.  The 
melting process is a thermodynamic phenomenon not directly influenced by altering the 
scan rate of the DSC measurement. Since the crystallization process depends also on the 
kinetics of cooling, the crystallization temperature of PUen-“b”-PP-2 components changed 
significantly upon lowering of the scan rate from 10 K min-1 down to 2 K min-1 (Table 4.7). 
As expected, at a lower scan rate the crystalline domains are better developed as concluded 
from higher values of melting enthalpy compared to the DSC experiment at a scan rate of 
10 K min-1. 
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Figure 4.27 DSC curves of PUen-“b”-PP-2 obtained at a scan rate of 2K min-1. 
 
4.1.5 Partial Summary 
To summarize so far, the applied bis(phenoxyamine) complexes show a controlled 
polymerization behavior, as demonstrated by an asymptotic growth of molar mass as a 
function of polymerization time for both, propene and 1-undecene homopolymerization. 
Thereby, in propene polymerization the bPA-c catalyst showed a faster deactivation 
compared to the bPA-a catalyst. The kinetic parameters of chain propagation and transfer 
obtained for 1-undecene polymerization turned out to be significantly lower in comparison 
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with conventional metallocene catalyst. This confirms the statement about the controlled 
manner of the polymerization reaction.  
First experiments for the synthesis of “block” copolymers incorporating poly(1-undecene) 
and polypropylene have been conducted using the concept of controlled olefin 
polymerization. The obtained copolymers have been characterized in terms of molecular 
and thermal properties. Junction between the two blocks and copolymer composition were 
precisely analyzed by means of 13C NMR spectroscopy. SEC results confirm indirectly the 
formation of block copolymers showing monomodal molar mass distribution. The melting 
and crystallization behavior of selected “block” copolymer have been compared with those 
of corresponding homopolymers as well as blend and statistical copolymer. As expected, 
the blend melts and crystallizes in two steps with a behavior corresponding to the 
homopolymers. The blocky sample shows two melting and two crystallization peaks as 
well. The lower melting endotherm derives from PUen crystalline part, whereas the 
melting endotherm at higher temperature corresponds to melting of PP block disturbed by 
Uen units incorporated into the polymer chain. The presence of two melting peaks in a 
DSC thermogram together with a monomodal distribution in SEC chromatogram excluding 
the formation of two homopolymers is a distinct indication of the blocky type of the 
structure. 
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4.2. Comb-like copolymers based on modified polyolefins 
Comb-like copolymers (CLC) based on poly(10-undecene-1-ol) (PUol) as a multihydroxyl 
initiator have been synthesized using the “grafting from” approach. The presented 
structures possessing controllable PCL side chains length have been characterized in terms 
of composition, crystallinity as well as thermal and decomposition behavior. Furthermore, 
the structure and morphology of these copolymers have been characterized at different 
length scales using wide angle (WAXS) and small angle (SAXS) X-ray scattering, atomic 
force (AFM) and transmission electron (TEM) microscopy. Selected results have been 
published recently.[68] 
 
4.2.1. Synthesis 
The chemical structure of PUol consists of an aliphatic hydrocarbon backbone and 
aliphatic hydrocarbon hydroxyl-terminated side chains as shown in Figure 4.28 (structure 
1). This architecture allows obtaining comb-like or star-shaped structures upon conversion 
of the hydroxyl functionalities into initiating species.  
The synthesis of CLC was performed in two steps. In the first step, the 10-undecene-1-ol 
was prepared via metallocene-catalyzed polymerization performed according to the 
methodology described in the Experimental Section and published recently.[178, 179] The 
molar masses of the synthesized PUol homopolymers calculated from 1H NMR spectra 
using the end group method[178] are between 3400 and 4200 g mol-1. The obtained PUol 
consists of 22 ± 2 Uol repeating units, which is equal to the amount of hydroxyl 
functionalities available for initiation. In the second step, PUol was used as macroinitiator 
for the ROP of CL. For the ring-opening polymerization the conventional Sn(Oct)2 catalyst 
was used, which is known to convert the hydroxyl groups into highly reactive Sn(II) 
alkoxide species.[180, 181] Sn(Oct)2 was reacted with the hydroxyl functionalities of PUol to 
form the initiating sites for the controlled ring-opening polymerization of CL (Figure 4.28). 
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Figure 4.28 Synthetic route for the preparation of comb-like PUol-g-PCL copolymers. 
 
4.2.2 Molecular properties 
Results of the molecular characterization of the samples are shown in Table 4.8.  
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Table 4.8 Molecular characteristics of PUol-g-PCL comb-like copolymers and corresponding homopolymers. 
Sample 
CL/Ini 
(feed) 
Conversion 
CL [%] a 
n 
a 
[g mol-1] 
n
 b 
[g mol-1]
 
w/ n b DPPCL
 c
 Eg [%] d 
PUol - - 3400-4200 3400-4100 1.3-1.4 - - 
PCL 24 e - 5800 6600 1.3 - - 
Cop-1 5 98 17000 23500 1.7 6.7 83 ± 2 
Cop-2 10 82 25500 33500 1.4 9.8 88 ± 2 
Cop-3 20 90 53000 56000 1.4 19 ≈ 100 
Cop-4 25 84 54000 71000 1.3 24 ≈ 100 
Cop-5 50 80 95000 114000 1.4 n.d. n.d. 
CL/Cat=500; CL- moles of ε-caprolactone; Cat – moles of Sn(Oct)2 catalyst; Ini – moles of PUol hydroxyl groups (initiator); n.d. not  possible to determine 
a
 calculated from 1H NMR data 
b
 estimated by SEC/LS 
c
 average degree of polymerization of PCL calculated from quantitative 13C NMR data, estimated relative error: ±10 %  
d grafting efficiency calculated from 13C NMR data  
e Uol used as initiator 
The polymerization conditions for the syntheses of PUol samples have been described in the Experimental Section (point 7.3.4.). 
M M
M M
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Since the amount of hydroxyl functionalities was known and thus the amount of initiating 
sites, the length of the grafted chains depends on the molar ratio of CL to the amount of 
initiating hydroxyl groups. Table 4.8 lists the molar ratios of monomer (CL) to initiator 
(PUol) used in the polymerizations designed to obtain CLC with different controlled 
lengths of grafted chains. 
 
♦ NMR analyses 
The samples were extensively analyzed by means of NMR techniques to prove the growth 
of PCL chains from the initiating hydroxyl groups of PUol. The 1H NMR spectrum (Figure 
4.29a) proves the presence of PCL in the samples but the signal overlap in the significant 
region of –CH2OH and –CH2OC(O)- methylene protons hampers a detailed signal 
assignment.   
It has been observed that the conversion of CL is lower when the excess of CL to initiator 
is higher. This effect can be caused by a restricted access of monomer to the growing chain 
end as soon as the long PCL chains are already grafted. Nevertheless, CL conversions of ≥ 
80 % are promising. 
To learn more on the copolymer structure, a heteronuclear correlation spectroscopy 
involving 1H and 13C nuclei was carried out. The correlated spectrum (Figure 4.29b) 
clearly shows that the signals, that are overlapped in the 1H experiment appears separately 
in the 13C NMR spectrum. 
 
     
a) 
Results and Discussion                                                                                             87 
 
 
4.1 4.0 3.9 3.8 3.7 3.6 3.5
F2 Chemical Shift (ppm)
61.0
61.5
62.0
62.5
63.0
63.5
64.0
64.5
65.0
65.5
F1
 
Ch
em
ic
a
l S
hi
ft 
(pp
m
)
     
       
Figure 4.29 (a) 1H NMR spectrum of CLC Cop-1 with assignment of the signals of the 
graft structure, (b) two dimensional 1H - 13C HSQC spectrum and (c) regions from its 13C 
NMR spectrum (solvent: CDCl3).  
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In the 13C NMR spectrum (Figure 4.29c), both the -CH2OC(O)- methylene group and the 
-CH2OH group result in two well separated signals. The signals at 64.3 ppm and at 62.2 
ppm have the same intensity in all samples studied. Thus, these signals are assigned to the 
esterified PUol methylene group of the initiating site (C1’) and to the methylene group 
close to the hydroxyl end group of the PCL graft (Cf’). The more intense methylene carbon 
signal at 64.0 ppm originates from the -CH2OC(O)- carbons of the PCL backbone (Cf) and 
increases with increasing amount of grafted CL. Its intensity goes parallel with the 
intensity of the carbonyl signal at 173.3 ppm representing the backbone ester groups 
including the initiating ester group (Ca). The carbonyl carbon of the last unit of the PCL 
grafts (Ca’) results in the signal at 173.6 ppm.[110] Based on signal integrals obtained from 
quantitative 13C NMR spectra, the number average degree of polymerization (DPPCL) of the 
PCL grafts was calculated according to Equation 10. The results are summarized in Table 
4.8. 
;+	<= = (<>)(<>) = (<?)(<?)                                                         (10) 
The successful grafting can be proved, however the occurrence of two signals for 
methylene carbons attached to hydroxyl groups indicates that not each hydroxyl group of 
PUol is involved in the initiation reaction. The downfield signal at 62.5 ppm represents 
non-grafted –CH2OH groups of PUol. Other studies also demonstrate that not every 
initiating site in the backbone generates a graft.[182] Distinction between initiating and non-
reacted PUol hydroxyl groups enables the calculation of the efficiency of grafting (Eg) as 
the intensity ratio: 
@A = (<)(<)(<)                                                                (11) 
Whereas for large CL/Ini ratios Eg values of almost 100 % were found, the efficiency of 
grafting is lower for small CL/Ini ratios. It is supposed that the observed differences in 
grafting efficiency result from the kinetics of ε-CL polymerization reaction. Most likely at 
lower CL monomer excess, few initiating sites cannot generate a graft because of the lack 
of the CL monomer due to being already consumed for the propagation of other chains. At 
sufficiently high excess of CL monomer, more monomer units are available and grafts can 
be generated on every initiating site, i.e., Eg ≈ 100 %. The observed lower Eg values for 
Cop-1 and Cop-2 explain the DPPCL values larger than the CL/Ini ratio. In this case not all 
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initiating sites create a PCL chain. As a result, the growing chains can be longer than 
expected for Eg = 100 %. 
 
4.2.3 Chromatographic analysis 
4.2.3.1 Determination of molar mass  
While the 13C NMR technique provides useful information about the average chain length 
of grafted PCL, an open question still concerns the length distribution of individual chains. 
The commonly used method to investigate the dispersity of graft copolymers relies on the 
cleavage of grafted chains and their characterization by means of SEC.[183] Since in the 
system investigated the grafted chains are connected to the PUol segment via ester linkages 
and the grafted chains themselves contain ester groups, the usual cleavage procedure could 
not be applied here. An indirect estimation of the grafted chains length distribution can be 
made by comparison of the PDI of the initiating backbone polymer (PUol) with the PDI of 
the CLC. Here, it was observed that the dispersity index after grafting of CL increases just 
slightly (from 1.3 to average 1.4, with the exception of Cop-1) compared to the dispersity 
of the macroinitiator PUol suggesting an almost equal length distribution of grafted chains. 
The higher dispersity of the sample Cop-1 could be attributed to the already mentioned 
higher competition between propagation and initiation reaction when the monomer excess 
is low resulting in non-equal graft length distribution. 
The monomodal molar mass distribution of the copolymers presented in Figure 4.30 
confirms the absence of non-attached PCL homopolymer. 
 
 
 
 
 
 
  
Figure 4.30 SEC elution curves of selected synthesized CLC with varied length of PCL 
grafts. The curves have been vertically shifted for clarity.  
5 6 7 8 9
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4.2.3.2 Polarity-based separation of comb-like copolymers 
HPLC is used to separate macromolecules under high pressure in a column filled with a 
suitable matrix. Effective separation can be achieved by choosing appropriate combination 
of solvents and column. The separation occurs with respect to the polarity of the 
components. The nonpolar components elute first from the stationary phase followed by 
more polar components. 
PUol is a bipolar molecule combining a nonpolar polymer backbone with polar OH groups 
that are attached to the side chains. The same hold true for the graft copolymers that 
exhibit the same nonpolar backbone and polar side chains. Considering these differences in 
polarity it was decided to use HPLC with polar stationary phase of plain Si and a solvent 
system whose polarity increased in the course of the chromatographic run. Gradient HPLC 
analysis was used to separate the CLC according to the degree of grafting. 
Different nonpolar–polar solvent combinations and ternary solvent systems with THF and 
CHCl3 (DCM-THF-MeOH or DCM-CHCl3-MeOH) were tested to find the best 
combination for adsorbing and eluting the polymer backbone and improve the recovery of 
the graft copolymer (see Appendix 5).  
The CLC have been successfully separated using a DCM-THF-MeOH gradient as shown 
in Figure 4.31. The copolymers elute within the DCM-THF-MeOH gradient at different 
eluent compositions according to the average length of grafted PCL-chains. Hereby, the 
retention volumes decrease with the increasing length of grafted chains in the copolymer. 
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Figure 4.31 HPLC chromatograms of graft copolymers obtained using DCM–THF–MeOH 
gradient. 
 
Further analysis was performed to determine the amount of non-grafted PUol (residual 
homopolymer). As a nonpolar-polar solvent combination toluene and methanol were used 
starting with 100 % toluene and increasing the polarity of the solvent mixture by an 
addition of methanol (see Appendix 5). The slope of the gradient was optimized to get the 
best resolution of the observed peaks. An effective separation of all components of the 
samples was achieved when lowering the slope of the gradient from 100 vol% toluene to 
25 vol% methanol in 60 minutes (Figure 4.32).  For the samples with the lower DPPCL 
values, i.e. Cop-1, Cop-2, Cop-3 and Cop-4, three peaks are observed. In all 5 samples the 
first peak elutes in 100 % toluene at a constant elution volume. The second peak is co-
eluting with PUol, whilst the elution volume of the third peak increases with a decrease in 
the average PCL units per PUol repeating unit. The separated fractions were collected and 
analyzed using 1H NMR spectroscopy. From the NMR spectra (see Appendix 5), it is 
evident that the component eluting as the main peak consisted predominantly of the graft 
copolymer. The first peak highly likely can be assigned to the PUol backbone, because the 
spectra of PUol and the first fraction of copolymers are similar (Appendix 5). The origin of 
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the second peak could not be established. However, it might derive from a nonpolar 
component in the PUol, whose nature is still unknown. 
 
 
Figure 4.32 HPLC chromatograms of graft copolymers obtained using toluene-methanol 
gradient (100 % toluene to 25 % MeOH in 60 min.). 
 
Of special interest would be obtaining information about the length distribution of the 
grafted chains, since with the NMR methods used just a statement about the average length 
of grafted chains was possible. To gain insight into the molar mass distribution of the 
grafted chains, liquid chromatography technique at the critical conditions of PUol has to be 
used. This approach is quite challenging with the presented samples as the backbone and 
grafts often showed similar chromatographic behaviour on the stationary phases. Hence, 
further investigations of this issue were not possible in the frame of this work. 
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4.2.4  Thermal properties 
4.2.4.1 Melting and crystallization behavior  
The melting and crystallization behavior of the CLC was studied by DSC. Only the second 
heating is evaluated to exclude the influence of the thermal history of the samples. 
 
Table 4.9 DSC and TGA results for the PUol-g-PCL comb-like copolymers and 
corresponding homopolymers. 
 Melting and crystallization behavior Decomposition behavior 
Sample 
∆Hm a 
[J g-1] 
Tm a 
[°C] 
Tc,o 
[°C] 
Tmax, dec b 
[°C] 
Weight loss c 
[wt%] 
PUol 36.8 109.2 108.1 422 98.6 
PCL 91.3 55.5 40.0 
326 
392 
96.0 
3.9 
Cop-1 57.4 28.3 1.2 
300 
330 
467 
53.5 
23.4 
22.4 
Cop -2 69.6 38.8 13.0 
318 
450 
84.8 
15.2 
Cop -3 81.9 48.2 27.9 293 469 
92.4 
6.8 
Cop -4 82.6 50.0 30.7 317 468 
91.9 
6.9 
Cop -5 76.6 55.4 33.9 
311 
470 
96.0 
3.2 
a
 2nd heating  
b
 maximal temperature of decomposition step  
c
 weight loss at the end of each decomposition step 
 
The DSC thermograms of different copolymers are depicted in Figure 4.33. Analyzing the 
melting curves, it is fair to assume that the crystallization behavior is dominated by the 
PCL component. Melting temperature and melting enthalpy mainly depend on the length 
of grafted PCL chains. When the PCL is grafted on PUol, the Tm of the copolymer system 
decreases drastically compared to PUol homopolymer and rises slowly with the increasing 
length of the grafted chain. The melting temperature of the PCL side chains of the 
copolymers increases asymptotically from about 28 ºC to 54 ºC (Figure 4.34) dependent on 
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the length of grafted chains. It can be concluded that after the incorporation of CL into the 
PUol homopolymer, the crystallization is dominated by the PCL component. Furthermore, 
it is worth pointing out that already the presence of short PCL chains significantly affects 
the crystallization behavior suppressing effectively the crystallization of the PUol 
backbone. 
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Figure 4.33 DSC thermograms of PUol, PCL and selected PUol-g-PCL copolymers (upper 
curves: second heating run; lower curves: cooling run).  
 
The narrow shapes of the copolymer melting endotherms as opposed to a broad PUol 
melting peak indicate a narrower distribution of lamellar thickness of crystallites. 
However, the samples with lower PCL content exhibit quite different melting behavior 
with a high-temperature shoulder. Similar melting curves have been recently observed in 
PCL homopolymer systems and were referred to differences in crystalline lamellae 
thicknesses.[184] 
The high undercooling effect indicates that the crystallization of the CLC is retarded by the 
restriction of conformational freedom by the grafted chains. 
As demonstrated in Figure 4.34a, the values of the melting enthalpy (∆Hm) depend 
significantly on the grafted PCL chain length reaching finally a plateau. Thereby, the 
melting enthalpy of the graft copolymers with longer grafted chains is higher suggesting a 
higher content of crystalline fraction. Asymptotical dependence of Tm and Tc,o values on the 
chain length of the grafted PCL has been observed (Figure 4.34b). 
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Figure 4.34 (a) ,CD< and ∆Hm vs. CL/Ini feed ratio; (b) Tm and Tc,o vs. the PCL grafts 
length. The properties of PUol and PCL homopolymers are shown for comparison 
purposes. 
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4.2.4.2 Thermal stability 
The thermal stability of CLC and corresponding PUol and PCL homopolymers was studied 
by TGA. It has been recently reported that the thermal decomposition of PCL occurs in a 
two-stage mechanism.[95] According to the literature the first degradation step is observed 
at 360 ºC and attributed to the statistical breaking of PCL chains via pyrolysis. The second 
process takes place at 420 ºC and results in an elimination of CL in consequence of 
unzipping depolymerization process by backbiting as schematized in Figure 4.35. In 
opposite to the literature values, in the present study the two decomposition steps of PCL 
have been found at 326 ºC and 392 ºC, respectively. 
 
 
Figure 4.35 PCL chain depolymerization via an unzipping mechanism.[95] 
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Figure 4.36 TGA (upper curves) and DTG (lower curves) thermograms of PCL, PUol and 
selected copolymers.  
 
Considering the CLC three decompositions steps were expected: two originating from PCL 
and one coming from PUol. The thermograms (Figure 4.36) show that most of the CLC 
exhibit a two-stage decomposition behavior. The first stage occurs in the range of 293 °C 
to 318 °C and can be attributed to the mentioned decomposition of PCL, whereas the 
second one at about 460 °C corresponds to PUol decomposition. Both relative weight 
losses are in good agreement with the PCL to PUol ratio. Since the second decomposition 
stage of PCL is not observed in the graft copolymer system, it is assumed that the coupling 
of PCL chains to PUol inhibits somewhat the backbiting reaction. The sample Cop-1 
shows a more complex decomposition behavior revealing three steps at 300 °C, 330 °C, 
and 467 °C with about 53.5 %, 23.4 %, and 22.4 % weight loss, respectively. It has been 
recently reported that unzipping depolymerization of aliphatic polyesters can be catalyzed 
by residual metal catalysts, while the influence of polymer chain ends is negligible.[185] 
Following this line of reasoning, the observed diversity in decomposition behavior may be 
explained by a different content of residual catalyst. 
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4.2.5    Crystalline structure 
Previous studies have depicted that PUol homopolymers tend to form a smectic layer 
structure independently on the stereoregularity.[186] When atactic-rich homopolymers are 
considered, the side chains are arranged orthogonally to the polymer backbone and 
crystallize into a (pseudo-)hexagonal lattice structure. It is well-known that crystalline PCL 
chains are arranged in orthorhombic packing.[187] This structure was also confirmed by X-
ray investigation for the discussed CLC (Figure 4.37). PCL homopolymer possesses three 
distinct reflections at the positions in 2Θ of about 21.4, 22.0 and 23.7º corresponding to the 
(110), (111) and (200) planes in the orthorhombic crystal structure, respectively.  
 
  
Figure 4.37 WAXS diffractograms of graft copolymers Cop-1 and Cop-2 and 
corresponding homopolymers PUol and PCL. The numbers represent the average PCL 
grafts length calculated from 13C NMR. 
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Comparing the WAXS patterns of the neat PCL with copolymers it was found that the 
specific reflections observed in PCL patterns are also present in CLC. This indicates that 
the basic crystal structure of the PCL in the copolymers is orthorhombic. Crystallization of 
PUol side chains and smectic layer formation were not observed for the copolymers. It is to 
assume that the grafted PCL chains restrict the motion of PUol in the crystallization 
process. The proposed structure of the polymer chain arrangement in PUol-g-PCL 
copolymers forming one orthorhombic unit cell of four grafted PCL chains is illustrated in 
Figure 4.38. 
 
Figure 4.38 Proposed crystal structure of PUol-g-PCL copolymers. 
 
The crystalline fractions of selected samples was determined from the X-ray patterns and 
amount 0.31 (Cop-1), 0.40 (Cop-2) and 0.66 (PCL). The achieved values confirm the DSC 
results showing an increasing melting enthalpy with increasing side chain length. Although 
it could be possible that smectic layers formed by PUol backbones are still present in the 
copolymer structure, the limits of WAXS measurements do not allow confirming this 
hypothesis. 
In order to favor possible chain reorganization, thermal annealing of Cop-1 sample at 60 
°C for 24h followed by slow cooling down to room temperature was conducted. It was 
expected that the crystallization of the copolymers will be enhanced upon annealing, due to 
the slow crystallization resulting in perfection of chain orientation. Unexpectedly, the total 
content of crystalline phase after annealing did not increase, but was even slightly lower 
PUol backbone 
PUol side 
chains 
PCL chains orthorhombic 
crystal unit cell 
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changing from 31 ± 1 % to 29 ± 1 % before and after annealing, respectively. As a matter 
of fact, the comb-like structure of the copolymers might restrict the chain mobility, 
whereas the restriction is higher in melt conditions compared to the crystallization from 
solution. This phenomenon of decreased crystallinity in bulk polymers upon annealing has 
been already observed in polymers possessing complex molecular architectures, such as 
star shaped copolymers and can be attributed to the reduction of free volume and molecular 
motion, when the polymer is in molten state with respect to the crystallization from 
solution.[188] In the discussed CLC the reorganization of crystallizable PCL-side chains, to 
produce higher degree of order, is sterically hindered due to the comb-like architecture 
restricted in its mobility. This results in a lower crystallinity upon annealing, since the 
chain mobility in a molten state is even lower. 
 
4.2.6 Morphology in bulk (TEM, SAXS) and solution (AFM, DLS) 
♦ TEM (Bulk) 
Figure 4.39 presented below shows representative TEM micrographs of PUol and PCL 
homopolymers as well as chosen comb-like copolymers. Samples are stained using RuO4, 
which predominantly diffuses into the amorphous regions.[189] Therefore, the amorphous 
areas appear most likely dark whereas the crystalline appear white.  
 
 
 
Figure 4.39 TEM micrographs of the PUol (a) and PCL (b) homopolymers. 
PUol and PCL homopolymers show no evidence of microphase separation, as can be 
observed in the microscopic images displayed in Figure 4.39. Only crystals (white 
a) b) 
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domains) of PUol and PCL can be seen throughout the corresponding TEM images. The 
situation is quite different when observing the TEM images of CLC presented below. 
 
  
Figure 4.40 TEM micrographs of the Cop-1 CLC (DPPCL= 7). 
 
  
Figure 4.41 TEM micrographs of the Cop-2 CLC (DPPCL= 10). 
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Figure 4.42 TEM micrographs of the Cop-4 (DPPCL= 24) (a) and Cop-5 (DPPCL= 40) (b) 
CLC. 
 
Figure 4.40 shows TEM micrographs of the sample Cop-1 exhibiting lamellar morphology. 
Taking into account the WAXS results presented above, it can be concluded that the dark 
regions correspond to the amorphous PUol chains, whereas the crystalline domains formed 
by the PCL side chains appear white. A schematic model for the CLC architecture 
possessing lamellar morphology is proposed in Figure 4.44. At higher PCL content (Cop-
2) the microphase-separation showing lamellar structure is also clearly recognizable, 
although non-microphase-separated regions are observed as well (Figure 4.41). At even 
higher PCL content (Cop-4 and Cop-5) no microphase-separation is observed, and just 
some poor lamellar regions can be found as indicated by white dashed boxes in Figure 
4.42. This behavior is quite predictable, since at too high PCL content, the PUol cannot 
form the second phase. It has to be mentioned that the sample preparation causes 
difficulties when the PCL content is very high. The strong folding of the sample during 
cutting leads to very thick sections possessing not sufficiently smooth surface. 
Fast Fourier transform (FFT) analyses were performed on the TEM micrographs to 
evaluate the distance between the crystalline lamellas. The FFT patterns of the TEM 
images (Figure 4.43) show reflections corresponding to the first order of lamellar structure. 
Direct length measurement of the lamellae distances yielded similar results to the FFT 
analysis. However, the measuring inaccuracy is much higher when using the direct method 
due to the unfavorable magnification of the image and subjective error of measurements. 
Hence, only the FFT results presented in Table 4.10 will be further discussed.  
a) b) 
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Figure 4.43 Exemplary TEM images used for determination of the crystalline domain 
distances and corresponding FFT (a) Cop-1 and (b) Cop-2. 
 
  
 
 
Figure 4.44 Schematic model of the lamellar microphase-separated structure of the CLC. 
a) 
b) 
crystalline 
amorphous 
amorphous 
 - PUol 
 - PCL side 
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It is worth mentioning that the model presented in Figure 4.44 is just an idealized 
visualization of the observed phases. In fact, the interface between the PUol and the PCL 
component is a complex three dimensional region. Following this concept, it is unlikely 
that all of the PCL grafts are present in form of crystallized chains. Presumably, there 
exists an additional contribution of the amorphous fraction originating from PCL chain 
units in the transition region between the junction with the amorphous PUol and the 
crystallized PCL.  
 
♦ SAXS 
Further studies on the morphology of the copolymer samples have been conducted by 
small angle X-ray scattering (SAXS). Figure 4.45 shows two-dimensional (2D) SAXS 
patterns of the copolymers. Equal intensities along concentric circles can be observed for 
all samples suggesting an isotropic orientation of the copolymers powders analyzed. 
 
Figure 4.45 2D-SAXS of (a) Cop-1, (b) Cop-2, (c) Cop-4 and (d) Cop-5 samples.  
 
The corresponding scattering curves for copolymer samples as Lorentz-corrected intensity 
profiles are presented in Figure 4.46. Lorentz correction is a multiplication of the scattering 
intensities by a factor proportional to the sine of the diffraction angle and is generally used 
in X-ray crystallography to correct the X-ray intensities and to obtain values independent 
on the geometry of data collection.[190] 
a) b) c) d) 
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Figure 4.46 SAXS scattering curves for CLC (Lorentz-corrected intensity profiles). Curves 
have been shifted vertically for clarity. 
 
The first-order diffraction peak is quite broad for all the samples. The presence of a weak 
second-order broad peak at a scattering vector of two times the values of the first-order 
scattering maximum was be observed just for the sample Cop-1 and indicates a lamellar 
morphology of this copolymer. This particular result corroborates the TEM finding. A 
statement about the morphology cannot be made for the samples with higher PCL content 
(Cop-2 to Cop-5) since just the first-order diffraction peak was observed.  
Owing to not optimal samples thickness and the overlap caused by the powder particles 
scattering it was not possible to obtain sufficient SAXS data. Hence, the conclusion about 
the lamellar morphology for the further copolymer is based solely on the TEM images. 
However, the data obtained from SAXS experiments are useful to discuss the distances 
between the crystalline lamellae (Table 4.10). 
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Figure 4.47 Comparison of scattering curves of CLC (Lorentz-corrected intensity profiles). 
Curves have been shifted vertically for clarity. 
I – intensity of the diffraction peak 
q – scattering vector 
d – lattice spacing 
 
To determine the thickness of the repeating unit PUol/PCL of copolymer lamellae the 
SAXS curves have been presented in Figure 4.47 as a function of the lattice spacing. The 
obtained distance values are summarized in Table 4.10. For all curves excepting the one of 
Cop-1 just one relatively broad maximum has been observed. For the copolymer Cop-1 a 
second maximum at d/2 was detected, therefore lamellar morphology was confirmed for 
this sample.  
The distance of the copolymer estimated for some of the samples using TEM and SAXS 
experiments have been displayed in Table 4.10. 
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Table 4.10 SAXS and TEM results of the morphology investigation. 
 
Sample 
 
dSAXS a 
[nm] 
dTEM b 
[nm] 
σTEM 
c
 
Cop-1 
 
16.5 (d1) and 8.3 (d2) 10.34 1.51 
Cop-2 
 
16.5 8.87 0.88 
Cop-4 
 
10.9 - d - 
Cop-5 
 
12.3 - d - 
a experimental error ∆d/ d ≈ ±(0.2 … 0.3) nm 
b
 average of 7 values 
c
 σTEM standard deviation of distance measurement from TEM images using FFT 
d the determination was not possible due to a not sufficient phase separation and bad 
quality of the TEM image 
 
 
According to the results obtained by SAXS analyses, a correlation between the length of 
grafted chains and lamellar distance has not been found. Therefore it has been assumed 
that the longer PCL-chains are folding back when reaching a certain length and so forming 
the crystalline microdomains as schematically presented in Figure 4.44. 
A direct comparison between the SAXS and the TEM results has not been undertaken due 
to the differences in samples preparation that is melt-pressed sample for TEM and sample 
in powder state for SAXS analysis. 
 
♦ Morphology in solution 
 
♦ DLS 
The solution characteristics of the Cop-5 copolymer dissolved in different solvents with 
varied polarity was studied with dynamic light scattering (DLS) by monitoring the 
hydrodynamic radii (Rh). The objective of this analysis was to find a solvent, in which the 
copolymer chains remain isolated from each other and do not agglomerate. The results of 
DLS analysis (Figure 4.48) reveals that the copolymer tends to form aggregates in toluene, 
whereas the Rh value in acetone was surprisingly low, suggesting most likely a change in 
the chemical structure of the copolymer. Considering the molar mass of the investigated 
copolymer, most reasonable results were obtained for tetrahydrofuran (THF) and 
chloroform solutions showing hydrodynamic radii of the copolymer of about 5 - 6.5 nm. 
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Considering these results it is fair to conclude that the rather non-polar nature of the CLC 
(non-polar backbone and side chains carrying weakly polar groups) causes agglomeration 
of the copolymer in non-polar solvents such as toluene. With increasing polarity of the 
solvent the copolymer chains are prone to separation and formation of isolated structures 
(Figure 4.48). 
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Figure 4.48 Hydrodynamic radii of Cop-5 CLC in different solvents as measured by DLS. 
 
♦ AFM 
Based on the DLS observation, chloroform has been selected as a solvent to prepare thin 
films of CLC for AFM. The obtained results are presented in Figure 4.49. 
 
 
 
  
a) b) 
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Figure 4.49 AFM images of Cop-5 films prepared by spin coating on Si-wafer of  
a) 0.01 mg mL-1; b) 0.1 mg mL-1 and c) 1 mg mL-1 copolymer solution in chloroform. 
In the AFM image of Cop-5 film prepared from 0.01 mg mL-1 solution in chloroform 
(Figure 4.49a) spheroids with a mean diameter of 20.3 nm are observed. These globular 
shaped structures are homogenously distributed on the template surface. Comparing the 
average size of the observed features with the hydrodynamic radius determined by DLS 
(Figure 4.48) it is fair to conclude that these spheroids are isolated copolymer molecules. 
In 10 times more concentrated solution (0.1 mg mL-1) the polymeric chains tend to 
aggregate (Figure 4.49b). As a result, thin parallel stacked filaments with widths of about 
20 nm can be distinguished, which form aggregates of 6 - 10 filaments stacked in 
horizontal direction. The length of the filaments achieves values between 140 and 200 nm. 
The sizes and shapes of the aggregates are not uniform which suggests that the aggregation 
occurs spontaneously. In an even more concentrated solution (1 mg mL-1) the aggregates of 
crystallites form spherulitic structures (Figure 4.49c) with a diameter of about 540 nm. 
 
4.2.7 Partial Summary 
New comb-like copolymers having a PUol backbone and PCL side chains as grafts were 
synthesized in two steps by means of metallocene polymerization followed by ring opening 
polymerization. According to the literature data reported so far, this is the first report about 
a comb-like PCL copolymer densely grafted from a functionalized poly(α-olefin).  
The formation of PUol-g-PCL has been proved by NMR and SEC analyses. High 
efficiency of 83 – 100 mol% of the hydroxyl functionalities acting as initiators for  
ε-caprolactone polymerization has been found. Copolymers with varied graft length (PCL 
d ≈ 540 nm 
c) 
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segments) possessing between 7 and 40 CL units were synthesized. Thereby, the side chain 
length is tunable by the ratio of ε-caprolactone to initiator in the feed. The molar masses of 
the grafted block copolymers ranged from 23500 g mol−1 to 114000 g mol−1 with 
dispersities of approximately 1.35.  
The melting and crystallization temperatures of the CLC turned out to correlate well with 
the PCL side chain length. The longer the grafted chains are the higher are the Tm and Tc,o 
values. The melting enthalpy was found to be asymptotically dependent on the length of 
PCL side chains. A relatively large supercooling effect has been observed for the 
crystallization process of CLC caused most likely by restriction of chain mobility due to 
the comb-like architecture of the copolymers. It was found that the grafting of PCL from 
PUol backbones significantly hinders the PUol crystallization. 
The morphology investigation by TEM revealed that the CLC in bulk exhibit a tendency to 
undergo a phase separation and formation of separated lamellae. However, at a high excess 
of PCL compared to PUol, the phase separation is partially or completely lost. The TEM 
results were confirmed by SAXS analysis for the copolymer with low PCL to PUol ratio 
(Cop-1). No direct dependence of the interlamellar distance on the length of grafted PCL 
chains indicates that the longer chains are rather folding back forming the crystalline 
domains between the PUol amorphous regions. In solution, the copolymers form globular 
shaped structures, which are prone to agglomeration at higher CLC concentration forming 
stacks of filaments or spherulitic structures. 
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4.3. Composites based on modified aluminophosphates and polypropylene 
4.3.1. In situ synthesis of PP-nanocomposites and variation of the polymerization 
parameters 
For the synthesis of the in situ nanocomposites an aluminophosphate with mixed n-
dodecylammonium/n-butylammonium pending groups with a composition of 38 % of n-
butylammonium and 62 % of n-dodecylammonium was chosen (further referred to as 
AlPO-kan). The filler was synthesized and provided by Prof. Pastore (University of 
Campinas, Brazil). 
This particular material possesses a high interlayer space and due to the self-organization 
of the organic chains in the interlayer space a less hindered environment is generated for 
the accommodation of the Et(ind)2 molecules in the empty pockets in interlayer space 
(Figure 4.50).  
 
Figure 4.50 Structure of the used AlPO-kan filler possessing n-butylammonium and n-
dodecylammonium countercations in the interlayer space. 
 
The first step of the synthesis of the PP-AlPO-kan nanocomposites was the reaction of the 
AlPO-kan with MAO (AlPO-kan : MAO mass ratio was 1:6) which is schematically 
presented in Figure 4.51. It is shown that parts of the alkylammonium groups are removed 
as amine from the alkylammonium-kanemite structure, which is discussed below. 
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Figure 4.51 Reaction between alkylammonium-AlPO-kan and MAO, (a) alkylammonium-
AlPO-kan, (b) alkylammonium-AlPO-kan after partial methylation of quaternary 
ammonium ions by MAO and exit from the interlayer space, R = butyl-; dodecyl-, R’ = 
methyl- or hydrogen. 
 
After the reaction of AlPO-kan with MAO under sonication shown in Figure 4.51, 
attention was dedicated to confirm the structure of the reaction product (b).  
X-ray diffractometry of the MAO-AlPO-kan reaction product was conducted to confirm 
the maintaining of the layered nature of AlPO-kan in the product (b). Figure 4.52 shows 
the results. Beside a strong reduction of the intensity of the peaks corresponding to the 
stacking of layers at 2.76, 5.43 and 8.11o 2θ, shifting of the 001 plane to larger values and 
its duplication was observed. These results indicate a delamination of a significant part of 
the solid. Moreover, in the part that was not delaminated, the layers are closer to each other 
as indicated by change of the interlayer distance from 3.16 nm before to 2.88 nm and 2.37 
nm after the reaction with MAO.  
Since the interlayer distance is mostly commanded by dodecylammonium ions, it is 
reasonable to suppose that these ions were partially eliminated from the material upon the 
reaction.  
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Figure 4.52 X-ray diffractograms of (a) AlPO-kan and (b) MAO-AlPO-kan.[191] 
 
In order to confirm this assumption, the product was analyzed using 13C-MAS-NMR by the 
group of Prof. Pastore (Brazil). The investigations revealed that the reaction of MAO with 
AlPO-kan causes three main qualitative changes in the layered solid: it delaminates the 
solid to a large extent, promotes the exit of part of quaternary ammonium ions from the 
interlayer space, and, because of the removal of part of the ions, the remaining layered 
solid has its layers closer by a lower distance from 0.3 to 0.8 nm. This reaction creates 
another set of organic ions due to the methylation of the cationic N atom in the 
butylammonium and dodecylammonium by MAO. X-ray fluorescence and 13C NMR 
analyses of AlPO-kan before and after reaction with MAO were conducted to evaluate the 
quantitative aspects of this reaction. In the neat AlPO-kan before the reaction with MAO as 
organic parts are present dodecylammonium (62 %) and butylammonium (38 %).  It was 
found, that after the reaction with MAO, there are the following organic parts in the MAO-
AlPO-kan: N-methyldodecyl- and methylbutylammonium (14.4 % of total organics), 
dodecylammonium (47.1 %) and butylammonium (38.5 %). As inorganics, Al-OH groups 
were transformed into Al-OMe groups upon reaction with MAO. X-ray fluorescence was 
used to evaluate the amount of MAO that reacted with 38but,62dod-AlPO-kan and was 
retained in the material. From these results and remembering that the P/Al molar ratio in 
38but,62dod-AlPO-kan is 1, the number of moles of Al coming from MAO is 0.46 (which 
is also the number of moles on CH3) and the one of Al from 38but,62dod-AlPO-kan is 0.35 
in 100 g of sample. The corresponding calculations are presented in Appendix 7 (X-ray 
fluorescence) and Appendix 8 (13C-MAS-NMR spectroscopy).  
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Further details according to the X-ray fluorescence and 13C NMR investigations conducted 
at the University of Campinas have been described in a joint publication.[191]  
These investigations of the particular reaction steps have been used as a basis for the 
further discussion.   
For the synthesis of the active catalyst system MAO-AlPO-kan was added first to the 
Et(ind)2 solution in toluene to create the active catalyst system upon contact of the 
metallocene catalyst with the MAO-treated AlPO-kan. The molar ratio of [Al]MAO / [Zr] = 
60 calculated based on the  [Al]MAO content in the MAO-AlPO-kan equal to 0.46 mol 
[Al]MAO  in 100 g of MAO-AlPO-kan as determined by the X-ray fluorescence analysis 
(Appendix 7). The proposed mechanism for the formation of the PP nanocomposites is 
presented in Figure 4.53. 
 
Figure 4.53 Preparation steps of PP-AlPO-kan nanocomposites, (a) alkylammonium-AlPO-
kan after partial methylation of quaternary ammonium ions by MAO and their exit from 
the interlayer space, (b) active catalyst system, (c) PP-AlPO-kan nanocomposite, R = 
butyl-; dodecyl-; R’ = methyl- or hydrogen, AO = alumina. 
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The relative content of the filler in the PP matrix was adjusted by the polymerization time 
using always the same amount of filler. To achieve lower content of the filler in the 
resulting nanocomposite the polymerization was conducted longer and vice versa to ensure 
higher content of the filler the polymerization time was shortened and thereby the propene 
conversion was lower.  
 
4.3.2. Characterization of melt-compounded composites and in situ 
nanocomposites 
Molecular characteristics of the synthesized in situ nanocomposites and melt-compounded 
composites (further referred to as melt-composite) are presented in Table 4.11. 
The molar masses of PP were estimated by SEC after extraction of the polymer from the 
nanocomposites and accordingly melt-compounded composites. Molar masses of the 
polypropylenes extracted from the nanocomposites synthesized at 30 °C are very similar. 
The dispersities of these samples are surprisingly low but it has to be taken into account 
that the dispersity value is generally decreased after the extraction procedure due to the 
separation of low molecular compounds. Furthermore, it is well-known that the light 
scattering method has an additional contribution to lower the dispersity.  
From the comparison with neat PP it can be concluded that neither the introduction of 
AlPO-kan to the polymerization system nor the content of this filler influences the molar 
mass of the resulting polymer. It is well-known that   depends significantly on the 
polymerization temperature. The effect of the polymerization temperature on the molar 
mass is clearly recognizable when comparing the molar mass of sample PP-AlPO-1 
synthesized at 10 °C with the other samples polymerized at 30 °C. Hereby, the molar 
masses of the latter sample are lower due to a higher frequency of chain transfer and 
termination reactions at higher polymerization temperature.  
Significant differences are observed in the activities of the catalyst activated in the reaction 
with the MAO-modified AlPO-kan in comparison with the free catalyst/ MAO system 
without the AlPO-kan (Table 4.11). For the former the calculated catalyst activities are 
between 325 and 445 kgPP/(molcat*h) whereas for the free catalyst (sample PP-S1) the 
activity display a value of 4400 kgPP/(molcat*h). It has to be taken into account that the real 
molar ratio of cocatalyst to catalyst ([Al]MAO / [Zr]) for the synthesis of nanocomposites 
was equal to 60, whereas for the polymerization catalyzed by free catalyst it was about 
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4100. The lower ratio [Al]MAO / [Zr] in the former case is caused by the washing step of the 
free MAO after its reaction with AlPO-kan (Figure 4.51). This step is necessary to ensure 
the absence of non-covalently bounded cocatalyst and therefore avoid the activation of the 
Et(ind)2 catalyst outside the interlayer space of AlPO-kan. 
The decrease of activity can further be attributed to the deactivating effect of the functional 
polar groups present on the AlPO-kan surface. Although, upon the reaction with MAO the 
strongly Lewis basic sides of the hydroxyl and amine functionalities on the surface of the 
AlPO-kan will be passivated, a complete passivation of the present functionalities is rather 
unlikely. Therefore, the Lewis acid component of the catalyst can form a stable complex 
with the nonbonding electron pair of the functional group leading to catalyst deactivation 
Similar effect of deactivation of a zirconocene catalyst was observed by Panupakorn et 
al.[192]  for polyethylene/ clay nanocomposites prepared by in situ method and was 
attributed to the interaction with amine groups present in the clay structure.  
Another reason for reduced catalytic activity upon introduction of the filler can be the 
restriction of propene access to the catalyst active sites located in the interlayer space of 
the filler. 
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Table 4.11 Polymerization parameters and molar masses of the in situ nanocomposites, 
melt-composites and the corresponding neat components 
Sample 
Tpol 
[°C] 
AlPO-
kan 
in feed 
[wt%] 
AlPO-kan 
in 
composite 
[wt%] 
tp 
[h] 
activityb 
 
E F c 
[g mol-1] 
EG/E F 
 
PP-S1 
 
30 0 0 3 4400 30700 1.3 
PP-AlPO-1 10 - d 3.5
 e 
(0.7) f 0.75 410 46500 1.3 
PP-AlPO-2 30 - d 0.5
 e
 
(2.2) f 6.7 325 28800 1.2 
PP-AlPO-3 30 - d 0.6
 e 
(1.2) f 4.2 n.d. 29900 1.2 
PP-AlPO-4 30 - d 0.8
 e
  
(1.4) f 2.4 445 29500 1.2 
PP-AlPO-5 30 - d 1.9
 e
  
(0.3) f 1.4 335 29500 1.2 
PP-com-
melta - 0 0 - - 114800 4.0 
AlPO-kan* 
 
- 100 100 - - - - 
PP-AlPO-
melt-1 - 0.8 
0.72 g 
 
- - 70500 2.0 
PP-AlPO-
melt-2 - 2 
1.84 g 
 
- - 70500 2.6 
PP-AlPO-
melt-3 - 4 
3.94 g 
 
- - n.d. n.d. 
PP-AlPO-
melt-4 - 8 
7.51 g 
 
- - 68900 2.1 
a PP-com after melt compounding at the same conditions as the preparation of the melt-composites  
b catalyst activity in kgPP/(molcat*tp[h]) calculated from propene consumption after 45 min of 
polymerization 
c estimated by SEC with light scattering detector from extracted PP 
d
 0.2 g (AlPO-kan + MAO)  
e calculated from XRF 
f alumina content in the nanocomposites caused by decomposed MAO  
g
 calculated from the inorganic residue at 800 °C measured by TGA under the consideration of  
59 % loss of the organic content of AlPO-kan  
n.d. not determined 
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The content of AlPO-kan in the in situ nanocomposites was difficult to estimate. The 
values of mass loss assigned to the organic part of AlPO-kan have to be taken into account 
when calculating the content of polymer in the nanocomposite. The organic part of AlPO-
kan corresponds to 59 wt% and decomposes at lower temperatures than the polymeric 
counterpart; therefore, when the polymeric part begins to decompose, there is a smaller 
mass due to the filler, and that was the value considered for the calculation. Secondly, the 
inorganic residue at 800 °C determined by TGA (Table 4.12) represents both the alumina 
content originated from the AlPO-kan and that from decomposed MAO, which remained 
in the solid material after the synthesis. X-ray fluorescence spectroscopy (University of 
Campinas, Brazil) was used to clarify this issue. In the AlPO-kan, the P/Al molar ratio is 
equal to 1, therefore, any excess of Al in the final in situ nanocomposites, can be taken as 
originating from the MAO used in the synthesis. The contents of alumina as hydrolysis 
product of MAO in the precipitation step are listed in Table 4.11. 
Melt-composites with four different contents of the AlPO-kan in the PP matrix were 
prepared using the commercial PP. The control sample PP-com-melt (Table 4.11) does not 
contain AlPO-kan but was melt-processed in the compounder under the same conditions 
for comparison purposes. The AlPO-kan content in the melt-composites was calculated 
from the inorganic residue at 800 °C obtained by TGA.  
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4.3.2.1. Thermal properties 
 
Thermal stability  
The thermal stability of the melt-composites and of the in situ nanocomposites was 
determined by TGA measurements and compared to thermal behavior of neat PP and neat 
AlPO-kan filler.  
 
Table 4.12 TGA results of the melt-composites, in situ nanocomposites and the 
corresponding neat components 
Sample 
Tmax 
of decomposition 
[°C] 
Mass a 
loss of decomposition step 
[%] 
PP-S1 460 100 
PP-AlPO-1 454 95.4 
PP-AlPO-2 446 94.9 
PP-AlPO-3 450 97.2 
PP-AlPO-4 441 93.8 
PP-AlPO-5 450 99.2 
PP-com-meltb 454 100 
AlPO-kan* 253 390 
53.8 
4.5 
PP-AlPO-melt-1 242 462 
0.3 
99.6 
PP-AlPO-melt-2 260 460 
0.8 
98.6 
PP-AlPO-melt-3 275 455 
1.9 
97.1 
PP-AlPO-melt-4 276 450 
3.9 
93.5 
a mass loss of the corresponding decomposition step 
 
The melt-composites decompose in two steps described by the maximum temperature of 
decomposition (Tmax) (Table 4.12 and Figure 4.54a). The first decomposition step occurs 
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between 200 and 350 °C as shown in Figure 4.54b and is assigned to the decomposition of 
the organic part of the AlPO-kan structure and is associated with the well-known Hofmann 
elimination as described also for organophilized montmorillonite.[193, 194] The reaction 
starts at temperatures of about 200 °C with conversion of quaternary ammonium groups 
into an olefin (dodecene and butene in this case) and ammonium ion. The mass loss in the 
lower temperature region from 200 °C to 300 °C depends on the AlPO-kan content in the 
reaction. In the TGA and DTG curves (Figure 4.54b) regions with mass losses in the range 
up to 5 wt% are commented.  
The second degradation step starts at about 350 °C and is assigned to decomposition of PP. 
DTG maxima shift to lower temperatures depending on the AlPO-kan content, suggesting 
that the larger the mass of aluminophosphate added to the composite, the less it affects the 
PP decomposition temperature. The temperature of decomposition of the organic part in 
the aluminophosphate is more affected by the presence of PP at concentrations of the filler 
higher than 1 (samples PP-AlPO-melt-2 to 4). This may be due to the slower liberation of 
organic residues when the filler is surrounded by the polypropylene matrix. 
The molar masses of the PP extracted from the melt composites are reduced compared to 
reference sample without filler (PP-com-melt) and also compared to the used neat 
commercial PP (Table 4.12). Obviously a partial thermal degradation of PP has occurred 
during in the compounding process. It is well-known that such a degradation cannot be 
completely avoided (e.g. [195]). Stabilizers to decrease the thermal degradation have not 
been used to avoid additional factors that could influence the morphology of the resulting 
composites. 
Bearing in mind that the decomposition of AlPO-kan has the maximum at 253 °C, whereas 
for the compounding process a temperature of 200 °C was applied to ensure complete 
melting of the PP used, one has to consider closer the mentioned Hofmann elimination. As 
already described above, the quaternary ammonium groups are converted into an olefin 
and an ammonium ion. This process starts usually at 200 °C. However, due to the stress 
during the compounding process it is to expect that the decomposition starts already 
earlier. The created ammonia and H+ accelerates the degradation of PP additionally.[196, 197] 
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Figure 4.54 TGA and DTG curves of melt-composites, AlPO-kan and PP-com-melt: (a) 
complete decomposition range (b) first decomposition step of the organics of AlPO-kan in 
detail. 
 
In contrast to the melt-composites, for the in situ nanocomposites a separate decomposition 
of the AlPO-kan organic part was not observed (Figure 4.55). Only a continuous weak 
mass loss up to the beginning of the PP decomposition is detected which is attributed to the 
a) 
b) 
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disappearance of physically adsorbed water as described by Cheng et al. [150]  or solvent 
residues. It was observed that the degradation of PP occurs earlier upon introduction of 
nanofiller as shown in Figure 4.55a by a shift of Tmax towards lower temperatures. Similar 
trend has been reported by Lozano and Barrera [195] and is attributed to a reduced mobility 
of the polymer chains. 
The decomposition curves of the in situ nanocomposites do not give any evidence of the 
decomposition of the organic groups in the AlPO-kan range as shown in Table 4.12 and 
impressively in Figure 4.55b. This behavior is quite different from the decomposition of 
the melt-composites. It indicates that the diffusion and polymerization of propene inside 
and over MAO-AlPO-kan followed by exfoliation of the part of the filler still not 
exfoliated by reaction with MAO, lead to the disappearance of the organic pending groups 
of the MAO-AlPO-kan. The products of the Hoffmann decomposition of the 
aluminophosphate organics are olefins and ammonium ions which remain associated with 
the P-O- groups, counterbalancing the negative charge of the solid. At high temperatures, 
ammonium decomposes to ammonia and H+ which remains in the aluminophosphate. 
Bearing this in mind, most likely during the TGA measurement the products of 
decomposition are not eliminated from the solid but immediately interact with PP and 
become incorporated in it, being finally decomposed at higher temperatures.  
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Figure 4.55 TGA and DTG diagrams of the in situ nanocomposites: (a) complete 
decomposition range; (b) first decomposition step of the organics of AlPO-kan in detail. 
 
Melting and crystallization behavior  
The DSC measurements have been performed to gain information about the influence of 
the AlPO-kan content on the melting and crystallization behavior of the melt-composites 
and in situ nanocomposites. The values for Tm, ∆Hm and Tc,o and Tc,m compared to neat PP 
and to AlPO-kan are listed in Table 4.13.  
 
  
b) 
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Table 4.13 Melting and crystallization data 
Sample Tm 
[°C] 
∆Hm 
[J g-1] 
Tc,o 
[°C] 
Tc,m 
[°C] 
PP-com 161.5 95.5 115.3 112.1 
PP-com-melt 161.7 95.7 121.9 118.6 
AlPO-kan 76.1 59.8 73.3 64.3 
PP-AlPO-melt-1 160.9 92.3 119.5 116.1 
PP-AlPO-melt-2 
79.0 
161.6 
0.2 
91.3 
77.9 
119.6 
71.9 
115.8 
PP-AlPO-melt-3 
78.8 
161.9 
0.8 
94.5 
78.5 
120.1 
71.7 
116.7 
PP-AlPO-melt-4 
79.1 
162.6 
2.1 
84.3 
79.0 
120.2 
71.4 
116.6 
PP-S1 137.8 94.3 107.8 105.5 
PP-AlPO-1 143 88.4 115.7 113.7 
PP-AlPO-2 
132.5 
140.5 
84.3 118.3 116.6 
PP-AlPO-3 
133.4 
141.4 
89.6 121.1 119.3 
PP-AlPO-4 137.3 84.3 108.0 105.0 
PP-AlPO-5 137.6 84.6 109.4 107.1 
 
The melt-composites display two melting ranges, one of them is assigned to the AlPO-kan 
and the other one to the PP as shown in Figure 4.56a and b. The first range occurs at Tm 
between 77 and 79 °C and is assigned to the melting of the organic pending groups in the 
AlPO-kan. It correlates well with Tm found for the melting parts of the neat AlPO-kan, 
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before the compounding process. The Tm values of PP at about 160 °C are in good 
agreement with the Tm of the references, PP-com and PP-com-melt.  
The AlPO-kan organics region is of special interest. Figure 4.56b indicates a separated 
melting of the organic parts of the filler. All PP related DSC parameters (Tm, ∆Hm , Tc,m 
and Tc,o) are not influenced by the filler content (Table 4.13). That is a distinct indication of 
separate phases of filler and PP caused by only weak interactions between AlPO-kan and 
PP. It is assumed that filler agglomerates cause this behavior. The cooling behavior (Figure 
4.57) confirmed these observations. 
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Figure 4.56 DSC curves of the melt-composites: complete melting (a) behavior compared 
to neat PP and AlPO-kan; detailed melting (b) of AlPO-kan region  
b) 
a) 
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Figure 4.57 DSC curves of the melt-composites: (a) complete crystallization behavior 
compared to neat PP and AlPO-kan; (b) detailed crystallization behavior of AlPO-kan 
region. 
 
The DSC heating and cooling curves of the in situ nanocomposites do not show evidence 
of melting (Figure 4.58a) in the region of AlPO-kan organics as illustrated in detail in 
Figure 4.58b. That is a quite different behavior and an indication of the fine distribution of 
the filler within the PP matrix. The crystallization curves (Figure 4.58d) confirm this 
behavior. An explicit trend of the melt and crystallization behavior of PP on the filler 
content was not observed.  
a) 
b) 
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Figure 4.58 DSC curves of the in situ nanocomposites: (a) complete melting and (c) 
crystallization behavior compared to neat PP and AlPO-kan; (b) detailed melting and (d) 
crystallization behavior in the AlPO-kan organics range. 
 
The in situ nanocomposite samples with lower filler content show a different melting 
behavior in comparison to the samples with higher filler content. The melting curves of 
these samples reveal two peaks in the PP region, which are assigned to reorganization of 
PP crystallites (Figure 4.58a, detail). It must be mentioned, that the XRD investigation has 
shown only one PP modification (monoclinic α-modification) (Figure 4.59). Therefore, 
different PP crystallite types, as discussed by Zhang et al. [198] for the crystallization 
c) 
d) 
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behavior of isotactic PP in CaCO3 nanocomposites, can be excluded as reason for the 
appearance of a split peak in the DSC curves. With increasing filler content beginning with 
the sample containing 0.8 wt% of the filler these peaks merge into one peak appearing at a 
position between the two single peaks observed for samples with lower content of filler. 
For the compositions with higher filler contents Zhang et al.[198] also observed only one 
peak as in the AlPO-kan nanocomposites discussed here. 
 
4.3.2.2. Morphology 
 
WAXS investigations were performed to characterize the intercalation or further 
exfoliation of the already partly exfoliated AlPO-kan filler of the nanocomposites and of 
the AlPO-kan filler of the melt-composites (Figure 4.59). 
The X-ray diffraction patterns of all the melt-composites show the reflections caused by 
presence of the AlPO-kan layers. In these composites the layered structure of the AlPO-
kan has been preserved and slight shifts to smaller d values were observed. Thereby, d is 
the interlayer space in the filler structure calculated according to Bragg’s law  
(3I = 24K63L). Based on these results it is fair to conclude that no intercalation and 
accordingly no further exfoliation of the AlPO-kan has occurred upon melt compounding. 
In contrast, in the XRD patterns of the in situ nanocomposites diffractions originated from 
the AlPO-kan layers are not detectable. The already exfoliated AlPO-kan suffered further 
delamination by the intercalation and polymerization of propene and caused a good 
distribution of AlPO-kan layers observed in the PP matrix. Remaining residual stacks 
cause only amorphous-like scattering. In accordance with the results discussed so far, 
especially with the microscopic results (see below), it is indicated that the still existing 
layers are delaminated, i.e. an almost complete delamination of layers has occurred. 
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Figure 4.59 X-ray diffractograms of (a) the melt-composites and (b) the nanocomposites 
with corresponding neat PP and AlPO-kan. 
 
The morphology of both types of composites was investigated by TEM to corroborate the 
differences already observed in WAXS diffractograms. The AlPO-kan in the melt-
composites exhibit a strong tendency to agglomerate what is clearly shown in Figure 4.60. 
Agglomerates of the filler were found in all those samples. On the TEM images (Figure 
4.60a and b) the typical non-polymer intercalated AlPO-kan structure can be identified. 
 
a) 
b) 
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Figure 4.60 TEM of melt-composites prepared with varied AlPO-kan content, (a) and (b)  
2 wt%; (c) and (d) 8 wt%.  
 
The morphology in case of the in situ nanocomposites is remarkably different as 
impressively shown in Figure 4.61. The aluminophosphate layers are finely distributed 
within the PP matrix. In the TEM images both the PP-intercalated and exfoliated filler 
layers are displayed. Moreover, a fine distribution of the filler can be observed even at the 
highest concentration of filler used in this work. 
 
 
c d 
1 µm 
b a 
1 µm 
 
200 nm 
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Figure 4.61 TEM of in situ nanocomposites with varied contents of AlPO-kan: (a) and (b) 
0.6 wt%, (c) 3.5 wt%. 
 
4.3.4 Partial Summary 
 
Novel aluminumphosphates with layered kanemite-like structure were used for the first 
time as filler for polyolefin-based nanocomposites. Both in situ nanocomposites and melt 
composites containing from 0.83 wt% to about 8 wt% AlPO-kan were synthesized. In case 
of melt composites the filler exhibits strong tendency to agglomerate and as a result only 
microcomposites are formed.  On the contrary, the nanocomposites produced via in situ 
polymerization possess high degree of exfoliation of the layered AlPO-kan as indicated by 
WAXS and TEM. 
In summary, it is concluded that the in situ metallocene polymerization of propene in 
presence of MAO-modified-AlPO-kan resulted in the preparation of polypropylene 
nanocomposites with remarkably superior degree of exfoliation of the filler.  
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5. Summary 
The research goal of this work was dedicated to improvement of the properties and 
enhancement of the application potential of commodity polymer based on polyolefins by 
choosing different synthesis routes to create new structures and materials. More precisely, 
the presented study explores different aspects of metallocene and post-metallocene 
catalyzed olefin polymerization leading to synthesis of novel copolymers and 
nanocomposites. 
 
The first part of this thesis deals with controlled polymerization of α-olefins catalyzed 
by post-metallocenes. Octahedral bis(phenoxyamine) zirconium complexes with 
tetradentate [ONNO]-type ligands bearing cumyl (bPA-c) and 1-adamantyl (bPA-a) ortho-
substituents were synthesized. Upon activation with methylaluminoxane (MAO) the 
complexes were tested in polymerization of propene, 1-hexene and the less common 
monomer 1-undecene. It was shown that the use of bPA-a catalyst yields polymers with 
higher isotacticity followed by enhanced crystallinity as indicated by increase of melting 
temperature in comparison to the conventional metallocene catalyst. Comparative study of 
13C NMR spectra reveals that the stereoselectivity of the catalyst is affected by the size of 
the monomer molecule. The larger the monomer, the higher is the isotacticity of the 
resulting polymer. This effect is attributed to steric hindrance caused by a bulkier growing 
polymer chain of poly(1-hexene) and poly(1-undecene) compared to polypropylene 
resulting in less space for misinsertion of the next monomer unit. The tight active site 
pocket of the catalyst in case of longer α-olefins polymerization results in a decrease of the 
catalyst activity.  
The bis(phenoxyamine) catalysts have been compared to a conventional metallocene 
catalyst Et(ind)2 in terms of polymerization behavior and the ability to catalyze the reaction 
in a controlled manner. The investigation of molar mass evolution during the 
polymerization catalyzed by bPA catalysts revealed comparatively fast chain termination 
in the polymerization of propene compared to that of 1-undecene. When bPA-c and bPA-a 
catalysts are compared in homopolymerization of 1-undecene it turns out that the latter 
catalyst is able to create a polymerization system, which leads to higher monomer 
conversion and continuous growth of molar mass up to certain polymerization time (Figure 
5.1). It was found that the molar mass of the resulting poly(1-undecene) depends on the 
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polymerization time asymptotically. Therefore, quasi-living character of the 
polymerization catalyzed by bPA catalyst is proposed. 
Furthermore, the calculated frequency of chain transfer is by 3-4 orders of magnitude 
lower for the bPA catalyst in comparison to the conventional metallocene Et(ind)2 as 
demonstrated for the example of propene and 1-undecene. The greatly reduced frequency 
of chain transfer meets the requirements for synthesis of block copolymer structures since 
it enhances the control over copolymer architecture and composition.  
 
 
Figure 5.1 Evolution of molar mass during polymerization using post-metallocene bPA-a 
and conventional metallocene Et(ind)2 catalyst. 
 
In the next step, bPA catalyst was applied for the synthesis of block copolymers by 
employing the strategy of sequential monomer addition. Firstly, 1-undecene as a less 
reactive monomer was polymerized followed by polymerization of propene. The blocky 
structure of the copolymer was successfully achieved and confirmed by the elucidation of 
the copolymer microstructure using NMR techniques. Moreover, the monomodal 
distribution of molar mass in the SEC chromatogram confirmed the absence of 
homopolymers. However it must be noted, that the content of propene-1-undecene diads in 
the 13C NMR spectrum is higher than expected for a truly block copolymer. It is concluded 
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that due to the incomplete conversion of 1-undecene in the first polymerization step, it has 
been incorporated in polypropylene chain during the second polymerization step. Aiming 
an almost perfect diblock character, the two-step copolymerization procedure reported here 
is a promising approach but requires optimization of the point at which the addition of 
propene starts with respect to both high Uen conversion and high living character of 
growing polymer chains. In fact, the synthesized olefin “block” copolymers are a rare 
example of blocky structure obtained solely via controlled coordination polymerization. 
In the second part of the work new defined comb-like copolymers (CLC) having a 
poly(10-undecene-1-ol) (PUol) backbone and densely grafted poly(ε-caprolactone) (PCL) 
side chains are presented. These copolymers were synthesized in two steps by means of 
metallocene polymerization of Uol followed by ring opening polymerization of CL. NMR 
and SEC analyses indicated the formation of PUol-g-PCL with a high efficiency of 83 – 
100 mol% of the hydroxyl functionalities acting as initiators for ε-caprolactone 
polymerization. Copolymers with varied graft length (PCL segments) possessing between 
7 and 40 CL units were synthesized. Thereby, the side chain length is adjustable by the 
ratio of ε-caprolactone to initiator in the feed. The molar masses of the grafted block 
copolymers ranged from 23500 g mol−1 to 114000 g mol−1 with dispersities of 
approximately 1.35. The graft copolymers were separated according to the length of 
grafted PCL chains using HPLC technique with a combination of non-polar – polar solvent 
gradient. 
 
 
Figure 5.2 Schematic structure of a comb-like copolymer and corresponding TEM image. 
 
It was proved that the melting and crystallization temperatures of the CLC correlate with 
the PCL side chain length, i.e. longer chains result in higher Tm and Tc,o values. The 
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melting enthalpy was found to be asymptotically dependent on the length of PCL side 
chains. Concerning the crystallization process, a relatively large supercooling is observed 
for all PUol-g-PCL comb-like copolymers. It was found that the grafting of PCL from 
PUol backbones significantly hinders the PUol crystallization. 
The bulk morphology of the comb-like copolymers is proposed to be lamellar as judged 
from the TEM micrographs. Thereby, in the CLC with high ratio of PCL to PUol the phase 
separation is partially or completely lost. SAXS analysis revealed that the longer grafted 
PCL chains in CLC are most likely folding back forming crystalline domains between the 
amorphous PUol parts.  The AFM analysis of thin CLC films revealed that the copolymers 
form globular shaped islands on the substrate surface that tend to agglomerate and form 
spherulitic structures at higher concentration. 
The synthesized comb-like structures are of particular interest for the design of new 
functional polymers with well-defined polarity, functionality and biodegradability. These 
polymers have the potential to improve surface and interface properties of polyolefins and 
are also promising candidates for application as compatibilizer for inorganic nanoparticles. 
Furthermore, PCL being environment-friendly and biocompatible material opens the 
opportunity to design copolymers with desired degradability. 
The third part of the thesis is focused on the synthesis of polypropylene 
nanocomposites via in situ polymerization. Thereby, organomodified aluminumphosphate 
with kanemite-type layered structure (AlPO-kan) has been used as novel filler. According 
to the literature data reported so far, this type of filler has not been used in polymer 
nanocomposites before. The filler was first modified with MAO cocatalyst and upon 
reaction with metallocene catalyst was used for the synthesis of nanocomposites. It is 
worth mentioning, that the reaction of the organomodified aluminumphosphate with MAO 
results in changes of the solid causing elimination of the part of organic moieties and 
partial delamination of the layered structure. The procedure used for the synthesis, i.e. 
treatment of AlPO-kan with MAO followed by metallocene coordination, enabled 
polymerization of propene and gave acceptable polymerization results.  
The AlPO-kan filler activated with MAO was applied for the in situ synthesis of 
nanocomposites while neat AlPO-kan filler was used for the preparation of melt-
composites. Melt compounding composites were prepared for comparison purposes to 
evaluate the influence of in situ synthesis on the dispersion quality of the filler in polymer 
matrix. 
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Melt compounding of AlPO-kan with PP did not lead to formation of nanocomposites. 
TEM images show rather macro-composites with the lamellar solid remaining 
agglomerated. Furthermore, the melting and crystallization behavior
 
is not influenced by 
the filler content, which is a distinct indication of separate phases of filler and PP caused 
by only weak interactions between them. 
 
 
Figure 5.3 Chemical structure of AlPO-kan modified with MAO together with the active 
catalyst cation. In background a TEM picture of the formed in situ nanocomposite (0.6 
wt% AlPO-kan) is displayed. 
 
On the contrary, in situ metallocene polymerization of propene yielded materials with 
typical exfoliated nanocomposite morphology. Despite the approximation of the layers 
after reaction with MAO, the part of AlPO-kan that was not exfoliated allows diffusion and 
polymerization of propene inside the interlayer spaces. The already exfoliated part of the 
AlPO-kan filler allowed presumably a significantly easier diffusion of propene between the 
filler layers. The subsequent exfoliation of the filler due to the propene polymerization led 
to the disappearance of the organic groups of the AlPO-kan as indirectly suggested by 
TGA, DSC and XRD results. In XRD, diffractions of the AlPO-kan stacking of layers are 
not detectable. It can be concluded that the primary existing layers are delaminated. 
Very fine distribution of the filler in the polypropylene matrix has been impressively 
demonstrated by TEM. The DSC melting and cooling curves of the nanocomposites do not 
show evidence of melting or crystallization in the region of AlPO-kan organics what 
corroborate the fine distribution of the filler within the PP matrix.  
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In a nutshell, it was shown that the in situ metallocene polymerization of propene in 
presence of MAO-modified-38but,62dod–AlPO-kan resulted in the preparation of 
polypropylene nanocomposites with remarkably superior degree of exfoliation of the filler. 
Despite the fact that olefin polymerization is a challenging synthetic method the set goals 
were achieved via controlled olefin polymerization and defined formation of copolymers 
as well as nanocomposites synthesis. This thesis in the framework of trinational 
cooperation project has contributed to broadening the knowledge about polyolefin 
materials and their synthesis method. 
 
Outlook                                                                                                                           139             
 
 
6. Outlook 
 
Further experiments and challenges are suggested as an outlook to the work. 
Controlled homo- and copolymerization of olefins 
Optimization of 1-undecene polymerization process toward higher monomer conversion is 
an important issue for direct future work since it is necessary to obtain pure block 
copolymers. After reaching sufficiently high conversion of Uen a synthesis of block 
copolymers with propene is recommended. Beside the molecular characterization of 
obtained copolymers also the morphology should be investigated.  
It is expected that the established approach can be used to synthesize homo- and block 
copolymers incorporating other α-olefins. Of special interest is the polymerization of 10-
undecene-1-ol as a monomer bearing functional polar group. 
An ultimate goal for the future work would be the synthesis of amphiphilic block 
copolymers incorporating nonpolar polypropylene and polar poly(10-undecene-1-ol) block. 
Following the methodology applied for PUen-“b”-PP copolymers the 10-undecene-1-ol as 
a less reactive comonomer should be polymerized in the first step followed by the 
copolymerization with propene according to Figure 6.1. Such amphiphilic system can be 
further used as surface and interface modifier or compatibilizer in polymer blends and 
nanocomposites. 
 
Figure 6.1 Strategy to synthesize amphiphilic block copolymer via controlled olefin 
polymerization. 
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Comb-like copolymers based on modified polyolefins 
In the case of PUol-g-PCL comb-like copolymers it is recommended to investigate the 
biodegradation of these copolymers to employ the advantages of the prepared system.  
As an analytical challenge for a further characterization of the comb-like copolymers an 
analysis of the length distribution of the grafted PCL-chains is proposed. To obtain 
information about a molar mass distribution of the grafts liquid chromatography at the 
critical conditions of PUol backbone should be used. 
As an extension to the work on controlled polymerization an interesting direction might be 
a fabrication of a copolymer architecture, which will be a combination of block and graft 
topologies.  
 
Composites based on modified aluminophosphates and polypropylene 
Further efforts should be focused on investigation of the mechanical and barrier properties 
of the synthesized nanocomposites.  
As a promising step, the flame retardancy of the nanocomposites should be proved. This 
might be an interesting outlook since the chemical structure of the AlPO-kan filler contains 
phosphor known to be used as a fire retardant in polymers.  
Above that, it is proposed to investigate the influence of the filler content and the 
polymerization temperature on the kinetics of the polymerization reaction. 
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7. Experimental Section 
7.1. Chemicals and materials 
The chemicals used in this work are listed together with data on their purity and producer.  
Table 7.1 List of chemicals 
Substance (Purity) Producer 
1-Hexene (99 %) Sigma-Aldrich 
1-Undecene (96 %) ABCR 
2-(1-Adamantyl)-4-methylphenol (99 %) Sigma-Aldrich 
2,6-Di-tert-butyl-phenol (99 %) Sigma-Aldrich 
10-Undecene-1-ol (98 %) Sigma-Aldrich 
α-Methylstyrene (99 %) Acros 
ε-Caprolactone (97 %) Sigma-Aldrich 
Argon (99.999 %) Air Liquide 
Chloroform (p.a.) Acros 
Ethanol (denatured with 1 % ethylmethylketone) Merck 
Ethyl acetate (HPLC grade) Fisher Chemical 
Formaldehyde (37% solution in water) Sigma-Aldrich 
Hydrochloric acid concentrated  Fluka 
Isopropyl cyclopentadienyl zirconium dichloride Alfa Aesar 
Methanol (p.a.) Acros 
Methylalumoxane (10 wt% solution in toluene) Chemtura 
n-Butylamine (99.5 %) Acros 
n-Dodecylamine (98 %) Acros 
n-Hexane (HPLC grade) Fisher Chemical 
N,N’-dimethyl-ethylenediamine Sigma-Aldrich 
Novolen 1106 H (Polypropylene) BASF 
Orthophosphoric acid (85 %) Sigma-Aldrich 
p-Cresol (99 %) Acros 
Propene (> 99.8 vol%) Riessner-Gase 
Pseudo-bohemite (Catapal B) Sasol 
p-Toluenesulfonic acid monohydrate (99 %) Acros 
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rac-Ethylene bis-indenyl zirconium dichloride Chemtura 
Tin(II) bis-(2-ethylhexanoate) (92.5 – 100 %) Sigma-Aldrich 
Tetra(benzyl)zirconium (95 %) ABCR 
THF (HPLC grade) Sigma-Aldrich 
Toluene (p.a.; H2O ≤ 0.005 %) Sigma-Aldrich 
Triisobutylaluminum Chemtura 
Xylene (98.8 %) VWR Chemicals 
 
Remarks 
- Solvents 
Toluene was dried under inert atmosphere over sodium/potassium alloy and freshly 
distilled prior to use.  
- Catalysts 
Tin(II) bis-(2-ethylhexanoate) was purified by azeotropic distillation using dry toluene 
followed by vacuum distillation after removal of toluene and water.  
Ph2C(Oct)(C5H4)ZrCl2 catalyst was provided by Prof. Miller (University of Florida) in the 
framework of IUPAC project. (i-Pr-Cp)2ZrCl2 and Et(ind)2 have been purchased (Table 
7.1). The bPA catalysts were synthesized at the University of Florida during a research stay 
in the workgroup of Prof. Miller. All metallocene and post-metallocene catalyst precursors 
were stored in a glove-box under inert atmosphere. 
- Monomers 
10-Undecene-1-ol, 1-undecene and 1-hexene have been distilled under reduced pressure 
and stored over 4 Å molecular sieves to assure water-free conditions. 
Propene was purified by passing through three columns: two filled with 3 Å molecular 
sieves followed by a column with R3-11 copper oxide catalysts (BASF). 
ε-Caprolactone was distilled over CaH2 under reduced pressure and stored over 4 Å 
molecular sieve before use. 
- Argon  
Argon used as an inert gas has been purified by streaming it through an Oxisorb-cartridge 
(Messer Griesheim).  
- Commercial polypropylene 
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As commercial polypropylene for the compounding, Novolen 1106 H with 	= 193 200 g 
mol-1 was used. 
- Silicon wafers  
Wafers with a native silicon oxide layer of about 2 nm have been purchased from Institute 
of Semiconductors and Microsystems (TU Dresden). Wafers have been pre-cleaned with 
absolute ethanol. Afterwards they have been treated with oxygen plasma for 60 s. Onto 
these cleaned substrate surfaces 100 µL solution of CLC in chloroform was spin coated 
(spin coater POLOS MCD200 (SPS-EUROPE B.V., The Netherland)) for 30 s with a 
speed of  2000 rpm and an acceleration of 1000 u/(min s). The resulting thin films were 
investigated by AFM. 
 
7.2. Polymerization equipment 
The polymerization was carried out in a Büchi glass autoclave with volumina of 0.5 L, 
0.25 L or 0.1 L (Figure 7.1). The solvent and reagents have been injected to the reactor via 
gastight syringes through a rubber septum. The temperature, pressure and stirrer speed 
were kept constant over the polymerization time and recorded on a PC. To ensure a 
constant temperature over the polymerization time two thermostats were used. For the 
homopolymerization of propene and its copolymerization with 1-undecene a Press Flow 
Controller (Büchi, Switzerland) was used to ensure a constant propene pressure in the 
polymerization reactor. The consumption of propene was recorded on a PC by applying 
internal developed software.  
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Figure 7.1 Scheme (a) and picture (b) of the reactor system used for olefin polymerization. 
  
a) 
b) 
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7.3. Experimental procedures 
All air-sensitive procedures were performed under a purified argon atmosphere by using 
Schlenk-type glassware and vacuum line techniques under air- and moisture-free 
conditions unless stated otherwise. 
 
7.3.1. Metallocene-catalyzed polymerization of α-olefins 
The polymerizations were performed in a Büchi glass autoclave (Figure 7.1). The reaction 
vessel was first dried under vacuum at 95 °C for 3h and subsequently the atmosphere was 
exchanged with argon by implementation of several vacuum/ argon cycles.  
 
Examples for typical procedures 
Polymerization of propene catalyzed by Et(ind)2 catalyst  
For the polymerization of propene, the 250 mL-Büchi-reactor was typically charged with 
200 ml of dry toluene distilled prior to use and 6.1 ml of MAO (molar ratio [Al]MAO/[Zr] = 
4000) as cocatalyst. Propene was purified by passing through column with R3-11 copper 
oxide catalysts (BASF) followed by passing through columns filled with 3 Å molecular 
sieves. Subsequently the reactor was purged three times with propene and finally saturated 
with propene at a pressure of 1.6 bar (Cpropene = 1.53 mol L-1). The stock solution of 
catalyst (Ccat = 1.29 mmol L-1) has been prepared by dissolving 20.5 mg (0.049 mmol) of 
Et(ind)2 in 37 mL of dry toluene and pre-activated by addition of 1 mL of MAO. The 
catalyst solution was stirred overnight. The polymerization was initiated by injecting 1.8 
mL of the Et(ind)2 catalyst solution into the reactor. The speed of stirrer was 800 rpm. 
Constant pressure of propene was ensured by using a press flow controller (Büchi). The 
polymerization was conducted 120 minutes at 25 °C and terminated after this time by 
addition of a small amount of ethanol to the reaction mixture. The polymer was 
precipitated in a large excess (3 L) of acidified ethanol/ water mixture (50 vol% of water) 
and stirred overnight. The obtained polypropylene was filtered off and dried in vacuum at 
55 °C overnight.  
Chemical Formula: (C3H6)n 
Molar mass: = 36200 g mol-1 (Đ = 1.2) 
Yield: 96 % 
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Polymerization of liquid α-olefins (1-hexene and 1-undecene) catalyzed by Et(ind)2 catalyst  
The typical procedure for polymerization of liquid α-olefins catalyzed by conventional 
Et(ind)2 catalyst was conducted as follows. The 150 mL-Büchi-reactor was charged with 
50 ml of dry toluene distilled prior to use and 2.3 ml of MAO (molar ratio [Al]MAO/[Zr] = 
300) as cocatalyst. 8 mL (38.9 mmol) of 1-undecene purified by vacuum distillation have 
been injected to the reactor. The stock solution of catalyst (Ccat = 1.29 mmol L-1) has been 
prepared by dissolving 20.5 mg (0.049 mmol) of Et(ind)2 in 37 mL of dry toluene and pre-
activated by addition of 1 mL of MAO. The catalyst solution was stirred overnight. The 
polymerization was initiated by injecting 9 mL of the Et(ind)2 catalyst solution into the 
reactor. The polymerization was conducted 360 minutes at 25 °C and terminated by 
addition of a small amount of ethanol to the reaction mixture. The polymer was 
precipitated in a large excess (1 L) of acidified ethanol/ water mixture (50 vol% of water) 
and stirred overnight. The obtained poly(1-undecene) was filtered off and dried in vacuum 
at 55 °C overnight.  
Chemical Formula: (C10H20)n 
Molar mass: = 14400 g mol-1 (Đ = 2.0) 
Yield: 85 % 
The same procedure was applied for the polymerization of 1-hexene. 
 
Copolymerization of propene and 1-undecene catalyzed by Et(ind)2 catalyst  
For the copolymerization of propene with 1-undecene the 150 mL-Büchi-reactor was 
charged with 50 ml of dry toluene distilled prior to use and 3.2 ml of MAO (molar ratio 
[Al]MAO/[Zr] = 2000) as cocatalyst. The reactor was purged three times with propene and 
finally saturated with propene at a pressure of 0.72 bar (Cpropene = 33 mmol L-1). 7.7 mL 
(37.4 mmol) of 1-undecene were added to achieve a final concentration of 0.6 mol L-1 in 
the polymerization solution. The stock solution of catalyst (Ccat = 1.22 mmol L-1) has been 
prepared by dissolving 36 mg (0.086 mmol) of Et(ind)2 in 70 mL of dry toluene and pre-
activated by addition of 1 mL of MAO. The catalyst solution was stirred overnight. The 
polymerization was initiated by injecting 1.8 mL of the Et(ind)2 catalyst solution into the 
reactor. The speed of stirrer was 400 rpm. The polymerization was conducted 90 minutes 
at 25 °C and terminated after this time by addition of a small amount of ethanol to the 
reaction mixture. The polymer was precipitated in a large excess (2 L) of acidified ethanol/ 
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water mixture (50 vol% of water) and stirred overnight. The obtained poly(propylene-co-1-
undecene) copolymer was filtered off and dried in vacuum at 55 °C overnight.  
Chemical Formula: (C3H6)n-co-(C10H20)n  
Molar mass: = 39200 g mol-1 (Đ = 1.2) 
Yield: 88 % 
Chemical composition estimated by 1H NMR: 88 % propene / 12 % 1-undecene 
Solution blending 
1 g of poly(1-undecene) and 1 g of polypropylene sample were dissolved in 100 mL 
toluene at 110 °C in a round bottom flask equipped with a reflux condenser. After 
complete dissolution of both polymers the mixture was precipitated in 1 L of cold ethanol, 
filtered and dried overnight at 55 °C under vacuum. 
 
7.3.2. Synthesis of bis(phenoxyamine) catalysts 
Synthesis of 2-cumyl-4-methylphenol  
OH
 
A catalytic amount (0.19 g, 1 mmol) of p-toluenesulfonic acid was added to p-cresol 
(11.89 g, 0.11 mol) kept in an ice bad, under stirring.  To the mixture, α-methylstyrene  
(13 mL, 0.1 mol) was added dropwise. The system was allowed to reach room temperature 
and was subsequently heated at 55 ºC for 2 days.  
The progress of the reaction was controlled by TLC. n-Hexane/ ethyl acetate (90 vol%/ 10 
vol%) mixture was used as eluent and Silica Gel coated polyester plate was used as 
stationary phase. Because all of the compounds are UV active (aromatic ring), a UV lamp 
was used to detect the compounds migration on Si plate. The reaction was conducted until 
the spot corresponding to p-cresol completely disappeared. The reaction mixture has been 
separated using column chromatography to win the product 2-cumyl-4-methylphenol 
(Figure 7.2). As an eluent a mixture of n-hexane / ethyl acetate was used. The polarity of 
the mobile phase has been increased by adding more ethyl acetate. Silica gel packed and 
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saturated with the eluent was used as stationary phase. Separation of the reaction mixture 
using column chromatography gave 2-cumyl-4-methyl phenol with 56 % yield. 
 
Chemical Formula: C16H18O 
Molar mass: 226.31 g mol-1 
Yield: 56 % 
NMR (CDCl3): see Figure 9.1 
 
 
 
 
  
 
 
 
 
 
 
 
 
Figure 7.2 Column chromatography methodology used to separate the 2-cumyl-4-
methylphenol from reaction mixture. 
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Synthesis of adamantyl/ cumyl-substituted ligand  
 
R1=
cumyl
1-adamantyl
R1
N
N
OH
OH
R1
H3C
H3C
  
N,N’-dimethyl-ethylenediamine (0.220 g, 2.5 mmol), formaldehyde (0.406 g, 5 mmol) and 
appropriate phenol (1.212 g, 5 mmol of 2-(1-adamantyl)-4-methylphenol or 1.132 g, 5 
mmol of 2-cumyl-4-methyl phenol) were added to 15 mL methanol and stirred under 
reflux for 4-7 days under a slight nitrogen overpressure. The mixture was cooled down to 
room temperature and the precipitated solid, which was the desired product, was filtered 
off, washed with cold methanol and dried at 65 ºC under vacuum for 3h. The total yield 
was about 65-75 % for cumyl ligand and 70 % for adamantyl ligand. 
 
Adamantyl-Ligand:     Cumyl-Ligand: 
Chemical Formula: C40H56N2 O2   Chemical Formula: C38H48N2O2 
Molar mass: 596.92 g mol-1    Molar mass: 564.84 g mol-1 
Yield: 70 %      Yield: 65 - 75 % 
NMR (CDCl3): see Figure 9.4 NMR (CDCl3): see Figure 9.2 and 
Figure 9.3 
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Synthesis of zirconium complexes  
 
Appropriate ligand (1.493 g, 2.5 mmol of aadamantyl-substituted ligand or 1.412 g,  
2.5 mmol of cumyl-substituted ligand) was weighted in a Schlenk flask and dissolved in 10 
mL of dry toluene at 50 °C. The resulting solution was added dropwise under argon to a 
Schlenk flask containing equimolar amount (1.139 g, 2.5 mmol) of tetrabenzylzirconium in 
10 mL of dry toluene. The mixture was heated up to 65 ºC and kept at this temperature for 
2h. After this time the mixture was cooled down and left over night to precipitate. 
Subsequently the mixture was filtered off under argon using a swivel frit. The product 
collected on the fritted disk of the swivel frit was washed using vacuum transfer technique. 
Therefore, the filtrate toluene solution in the receiving flask was heated up whereas the top 
flask was swabbed with dry ice/ acetone slurry to condense the solvent from the filtrate and 
at the same time wash the solid material. After that, the toluene was evacuated and the 
obtained yellow powder was dried under vacuum for several hours.  
 
bPA-a catalyst:     bPA-c catalyst: 
Chemical Formula: C54H68N2 O2Zr   Chemical Formula: C52H60N2O2Zr 
Molar mass: 868.40 g mol-1    Molar mass: 836.32 g mol-1 
Yield: 56 %      Yield: 49 % 
       NMR (C6D6): see Figure 9.5 
 
Zr
Bn
BnN
N
O
O
R1
R1
H3C
H3C
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7.3.3. Controlled homopolymerization and copolymerization of α-olefins 
The polymerization catalyzed by bis(phenoxyamine) catalyst was conducted similar to 
procedure described in literature.[64] The synthesis strategy for homo- and 
copolymerization is presented schematically in Figure 7.3 and Figure 7.4, respectively. 
The polymerizations were performed in a 150 mL-Büchi- reactor (Figure 7.1). The reaction 
vessel was first dried under vacuum at 95 °C for 3h and subsequently the atmosphere was 
exchanged with argon by implementation of several vacuum/ argon cycles.  
Typically the polymerization was conducted according to the following procedure. The 
reactor was charged under argon with toluene solution containing 4.5 mL MAO  
([Al]/[Zr] = 420), 0.71 g (3.4 mmol) 2,6-di-tert-butylphenol ([TBP]/[Al] = 0.5) and  
150 mL toluene. After thermostating the reactor for 1h at 25 °C, 5 mL of the solution were 
syringed out and transferred into a Schlenk flask containing 14.1 mg (0.016 mmol) of bPA-
a catalyst (Ccat = 0.1 mmol L-1). As next, the reactor was purged with propene three times, 
equilibrated at the polymerization temperature and then saturated with propene at the 
desired pressure (2 bar) to achieve the final propene concentration of 2 mol L-1. The 
polymerization was initiated by injecting the catalyst solution. The synthesis strategy is 
showed schematically in Figure 7.3.  
The polymerizations of liquid α-olefins (1-hexene and 1-undecene) were performed in a 
150 mL-Büchi-reactor and conducted according to the procedure described above. The 
catalyst concentration of Ccat = 1 mmol L-1 and the monomer concentration of Cmon = 1 mol 
L-1 was used.  
The results of the polymerizations together with the catalyst activity are summarized in 
Table 4.1. 
For the kinetic investigation of the homopolymerization reaction of the polymerization 2.5 
mL aliquant samples were syringed out from the polymerization solution (Figure 7.3) at 
defined times. In order to obtain information about the conversion of monomer (for  
1-undecene polymerization only) and determination of molar mass of the resulting polymer 
the samples were subjected to 1H NMR and SEC analyses, respectively. The 
polymerization parameters and molar masses of the obtained polymers are summarized in 
Table 4.2.  
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Figure 7.3 Synthesis strategy of poly(α-olefins) by applying bis(phenoxyamine) catalyst. 
For the copolymerization reaction (Figure 7.4) the general experimental procedure was 
similar to the homopolymerization procedure described above. After the desired time of  
1-undecene polymerization the reactor was saturated with propene and the reaction was 
proceeded by continuously feeding propene. The reaction was quenched by injection of an 
acidified methanol (5 mL, 5 vol% HCl). The polymer was subsequently precipitated into a 
methanol/ HCl solution (5 vol% HCl) and stirred overnight. The precipitated polymer was 
filtered off, washed with methanol and dried at 50 °C in vacuum. The polymerization 
parameters are summarized in Table 4.4 and the molecular characteristics of obtained 
copolymers are displayed in Table 4.5. 
 
Figure 7.4 Synthesis strategy of PUen-“b”-PP copolymers by applying bPA catalyst. 
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7.3.4. Copolymerization of ε-caprolactone with poly (10-undecene-1-ol)-
macroinitiator  
 
Homopolymerization of 10-undecene-1-ol 
Poly(10-undecene-1-ol) (PUol) was synthesized by metallocene polymerization following 
the previously described procedure.[178] The 150 mL-Büchi-reactor was charged with 21 
mL of dry toluene distilled prior to use and 14.4 mL of MAO  as cocatalyst(molar ratio 
[Al]MAO/ [Zr] = 300). To get a pre-reacted 10-undecene-1-ol monomer, 21.1 mL (84 mmol) 
of triisobutylaluminum (TIBA) and 20 mL of dry toluene as solvent were fed into a flask. 
During cooling at -30 °C 14 mL (70 mmol) of 10-undecene-1-ol (Uol) purified by vacuum 
distillation was added dropwise. The stock solution of catalyst (Ccat = 10 mmol L-1) has 
been prepared by dissolving 48 mg (0.12 mmol) of (i-Pr-Cp)2ZrCl2 in 11 mL of dry toluene 
and pre-activated by addition of 1 mL of MAO. The catalyst solution was stirred overnight. 
The polymerization was initiated by injecting 7.3 mL of the catalyst solution the reactor. 
The polymerization was conducted in a glass autoclave (Büchi) at 10 °C under argon 
atmosphere. The synthesized atactic poly(10-undecene-1-ol) was precipitated in water and 
stirred for 2-3 days. Subsequently the polymer was filtered off and dried in vacuum at 55 
°C overnight. 
Chemical Formula: (C11H22O)n 
Molar mass:  =	3400 g mol-1 (Đ = 1.3) 
Yield: 14 %  
 
Homopolymerization of ε-caprolactone  
The polymerization of CL was initiated by Uol. A typical polymerization procedure was as 
follows: CL (2.274 g, 24 mmol) and Uol (0.17 g, 1 mmol) were transferred with a gas-tight 
syringe under nitrogen into a 100 mL round bottom Schlenk-flask provided with a 
magnetic stirring bar. 30 mL of dry toluene distilled prior to use were added. 0.0194 g 
(0.048 mmol) of Sn(Oct)2 (0.5 mol L-1 stock solution in dry toluene) was used as catalyst. 
The reaction vessel was placed into a pre-heated oil bath and allowed to react under 
nitrogen overpressure and stirring at 100 ºC overnight. After cooling to room temperature, 
the reaction mixture was precipitated in cold methanol and stirred overnight. Finally, the 
polymers were dried overnight at 50 ºC in vacuum.  
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Chemical Formula: (C6H10O2)n 
Molar mass:  =	6600 g mol-1 (Đ = 1.3) 
Yield: 66 %  
 
Copolymerization of ε-caprolactone with poly(10-undecen-1-ol)-macroinitiator 
The polymerization of CL was initiated by the multihydroxyl macroinitiator PUol. A 
typical polymerization procedure was as follows: CL and PUol were weighed under 
nitrogen into a 100 mL round bottom Schlenk-flask provided with a magnetic stirring bar. 
Sn(Oct)2 (0.5 mol L-1 stock solution in dry toluene) was used as catalyst. Toluene (30 mL) 
and Sn(Oct)2 were added by means of a gas tight syringe. The molar ratio of [CL]/ 
[Sn(Oct)2] was kept constant at 500. The reaction vessel was placed into a pre-heated oil 
bath and allowed to react under nitrogen overpressure and stirring at 100 ºC overnight. 
After cooling to room temperature, the reaction mixture was precipitated in cold methanol. 
For copolymers with lower PCL content, heptane was used as precipitant. Finally, the 
copolymers were dried overnight at 50 ºC in vacuum. 
 
Table 7.2 Initial weight and quantity of materials for syntheses of comb-like copolymers. 
Sample 
CL / Ini 
molar ratio  
in feed 
CL 
m [g] / 
n [mmol] 
PUol 
m [g] / 
n [mmol] 
Sn(Oct)2 
V [ml] / 
n [mmol] 
Cop-1 5 1.1414 / 10 0.3783 / 0.097 0.04 / 0.02 
Cop-2 10 2.2828 / 20 0.3393 / 0.087 0.08 / 0.04 
Cop-3 20 2.2828 / 20 0.1743 / 0.042 0.08 / 0.04 
Cop-4 25 2.8535 / 25 0.1733 / 0.048 0.10 / 0.05 
Cop-5 50 6.8484 / 60 0.2016/ 0.06 0.25 / 0.12 
 
The molecular characteristic of obtained homo- and copolymers is presented in Table 4.8. 
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7.3.5. Preparation of the filler, in situ synthesis of nanocomposites and melt 
compounding 
 
Preparation of the alkylammonium-AlPO-kanemite 
The alkylammonium-AlPO-kanemite was prepared by the workgroup of Prof. Pastore 
(University of Campinas, Brazil) according to the literature [150] with the use of n-
butylamine and n-dodecylamine as the organic reactants. The general chemical formula of 
this material is [AlPO3(OH)2(CH3(CH2)xNH2], where x changes according with the type of 
amines used in the syntheses. The material used in this work was prepared using two 
different kinds of organic chains, n-butylamine (38 mol% / mol of organics) and n-
dodecylamine (62 mol% / mol of organics) in the synthesis. 
The synthesis procedure of the preparation of the filler has been described in a recent 
publication.[191]  
 
Preparation of the in situ nanocomposites 
An amount of 1 g of AlPO-kan, previously dried at 100 °C overnight, was dispersed in 100 
mL of well-dried toluene and 70 mL of MAO solution (AlPO-kan/MAO mass ratio was 1:6) 
and sonicated (400 W) for 15 min under argon flow. The suspension was filtered under 
argon and washed with 50 ml of dry toluene. The resulting powder was vacuum dried for  
10 h at room temperature. After that, 0.2 g of the dry MAO-activated AlPO-kan was added 
to a solution of 3.9 ml of Et(ind)2 (3.88 mmol L-1) in toluene previously stirred overnight. 
Thereby, the AlMAO/ Zr molar ratio of 60 was kept constant for all in situ polymerizations. 
85 mL of toluene and a small amount of TIBA (2 ml) as scavenger were transferred into a 
250 mL-glass autoclave (Büchi, Switzerland). The mixture was saturated with propene at an 
overpressure of 2 bar. The polymerization was initiated by injecting the catalyst suspension 
into the reactor. For all polymerizations a catalyst concentration of 1.51 x 10-4 mol L-1 was 
maintained. The propene consumption was monitored by a press flow-gas controller 
(Büchi). The temperature, speed of stirrer, pressure, instantaneous gas flow and total gas 
consumption were monitored and recorded as a function of time. The polymerization 
temperature was varied from 10 °C to 30 °C. After the desired polymerization time (Table 
4.11) the polymerization was terminated by injection of small amount of ethanol. 
Subsequently, the PP nanocomposite was precipitated in an excess of ethanol/water bath 
acidulated by hydrochloric acid. The nanocomposites were filtered by means of a Buchner 
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funnel and dried at 55 °C under vacuum. The materials prepared by this procedure are 
herein called “in situ nanocomposites”. The total amount of AlPO-kan + MAO in the feed 
was always 0.2 g.  
As a reference polymer, PP with   = 30700 g mol-1 was synthesized by homogenous 
metallocene polymerization using Et(ind)2 as catalyst according to the procedure described 
in paragraph 7.3.1. 
The molar masses of synthesized polypropylenes together with the catalyst activity values 
are summarized in Table 4.11. 
 
Preparation of the melt-compounded composites 
The melt-composites were prepared in a 5 cm³ volume twin-screw extruder (DSM Micro 5 
compounder DSM research, The Netherlands). The commercial polypropylene was mixed 
with AlPO-kan at room temperature and the mixture was compounded at 200 °C using a 
rotational speed of 100 rpm for 5 min. The solids prepared by this procedure were called 
“melt-composites”. 
Melt-composites with target contents of 0.8, 2, 4, 8 wt% AlPO-kan were processed. As 
reference, PP without aluminophosphate (PP-com-melt) was prepared under the same 
processing conditions. 
 
7.4. Analytical methods and instruments 
 
NMR 
1H (500.13 MHz) and 13C (125.76 MHz) NMR spectra were recorded on an Avance III 500 
spectrometer (Bruker, Germany) using CDCl3 and C2D2Cl4 as solvent and internal 
reference (CDCl3: δ(1H) = 7.26 pm; δ(13C) = 77.0 ppm; C2D2Cl4: δ(1H) = 5.98 pm; δ(13C) 
= 73.7 ppm). Quantitative 13C NMR spectra were obtained using inverse gated decoupling; 
π/2 13C pulses and a pulse delay of 12 s. NMR analyses of air-sensitive complexes have 
been performed in flame sealed NMR tubes. Two dimensional Heteronuclear Single 
Quantum Coherence (HSQC) spectroscopy has been used to assign the signals in 1H and 
13C spectra via the analysis of cross-peaks. NMR measurements were performed by Dr. 
Hartmut Komber and Mr. Andreas Korwitz. 
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SEC 
The determination of molar masses and molar mass distribution was performed by size 
exclusion chromatography (SEC) and carried out on a HPLC-apparatus, series 1200 
(Agilent Technologies) equipped with PL Mixed-C column, 300 x 7.5 mm and 5µm PS gel 
(Agilent Technologies). The samples were eluted with THF at a flow rate of 1mL/min. For 
the measurement of PUol samples PolarGel C column (PolymerLabs, UK) and N,N-
dimethyl acetamide (DMAc) with LiCl (3 g/L) as eluent were used. The calculation of the 
molar mass distributions was based on a linear fit of the molar mass/elution volume 
dependence using light scattering detector (MiniDAWN-LS, Bures). The refractive index 
increment dn/dc was calculated to be 0.075 g mL-1 for PUen and 0.070 g mL-1 for PHex. 
High temperature Size Exclusion Chromatography (HT SEC) was used to determine the 
molar masses and molar mass distributions of PP and its copolymers. The analysis was 
carried out on a high temperature PL-GPC220 (Polymer Laboratories, UK) equipped with 
light scattering (λ = 632 nm) detector (Dawn HELEOS-II Wyatt Tech., USA) in 
combination with two PL gel 10 µm MIXED-B LS columns, 300 x 7,5 mm (Agilent 
Technologies, USA). For the comparison of blend and “block”-copolymer a Mixed-D 
(Agilent Technologies, USA) was additionally used to ensure a sufficient separating 
capacity. The analysis was performed at 150 °C using a flow-rate of 1 mL/min and 1,2,4-
trichlorobenzene as eluent. The refractive index increment dn/dc for PP was calculated to 
be 0.104 g mL-1. For the nanocomposites it was necessary to extract the PP from the 
nanocomposites in a Soxhlet apparatus using xylene as solvent for 40 h. SEC measurements 
were performed by Mrs. Petra Treppe and Mrs. Christina Harnisch.  
 
HPLC 
HPLC was used to investigate the composition distribution of comb-like copolymers in 
terms of the length of grafted PCL chains. An Agilent 1200 series LC comprising a 
quaternary pump, a variable wavelength detector and a fraction collector was used. 
Samples (2 mg ± 0.2 mg) were dissolved in 4 mL of CHCl3 and injected onto a Macherey-
Nagel Nucleosil Column (Dimension: 250 x 4.6 mm, pore size: 300 Å). The collected 
fractions (20 mg ± 0.2 mg) were dissolved in 4 mL of CHCl3. A linear gradient of different 
polar- nonpolar solvents combination was generated. HPLC experiments and their 
interpretation were done by Prof. Harald Pasch and Dr. Helen Pfukwa (University 
Stellenbosch, South Africa). 
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DSC 
The differential scanning calorimetry (DSC) data were acquired using a DSC Q1000 (TA 
Instruments). Samples (approximately 5-7 mg) were subjected to a heating-cooling-heating 
cycles in the temperature range from -80 °C to +100 °C for comb-like copolymers and to 
+200 °C for PP, PUen, PHex and PUol homopolymer as well as “block” copolymers and 
nanocomposites. The standard experiments were done in a nitrogen atmosphere at a scan 
rate of 10 K min-1 unless stated otherwise. Since the thermal history influences the 
behavior of the samples in the first heating, only the cooling and second heating were 
evaluated. As characteristic data the peak temperatures of melting Tm and crystallization 
Tc,m and the corresponding enthalpies ∆Hm were determined as well as the onset 
temperature of crystallization Tc,o. The Tc,o was determined by extrapolation using the half-
step method. DSC measurements were performed by Mrs. Liane Häussler and Mrs. Kerstin 
Arnhold. 
 
TGA 
Thermogravimetric analysis (TGA) data were performed on a TGA Q5000 apparatus (TA-
Instruments). The samples were kept at ambient temperature for 5 min and then heated 
with a scan rate of 10 °C/min to 800 °C under nitrogen flow.  TGA measurements were 
performed by Mrs. Liane Häussler and Mrs. Kerstin Arnhold. 
 
Elemental analysis 
For elemental analysis (C, H, and N), approximately 1.5– 2.5 mg of the 38but,62dod–
AlPO-kan sample were analyzed using a tin alloy capsule in a Perkin–Elmer Series II 
Model 2400 elemental analyzer.  
 
FTIR 
Fourier transformed infrared spectra (FTIR) were obtained using the homogenous KBr 
mixture method with a 0.5 wt% dilution, using a Nicolet 6700 spectrophotometer at room 
temperature and a resolution of 4 cm-1.  FTIR measurements were done at University of 
Campinas (Brazil). 
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WAXS 
The wide-angle X-ray scattering (WAXS) measurements of the comb-like copolymers, 
melt- and nanocomposites were conducted on a XRD 3003 θ/θ diffractometer system (GE 
Sensing & Inspection Technologies GmbH Ahrensburg, Vertriebszentrum Seifert-FPM 
Freiberg / Sa., Germany). All measurements were performed directly on the powders. 
Monochromatic Cu-Kα radiation (λ ≈ 0.1542 nm) was employed to measure the diffraction 
reflections in step-scan mode with ∆2θ = 0.05° and 15 s per step (slit set: 0.2 mm / 0.5 mm 
/ 0.3mm) in the range of 2θ = 0.5º-40º. The relative degree of order (crystallinity) was 
estimated from the powder diffraction profiles by the ratio between the crystalline 
diffraction area (Ac) and the area of the whole diffraction profiles (At), xc = (Ac/At) × 100. 
The area of the crystalline diffraction (Ac) has been determined by subtracting the area of 
the amorphous halo from the area of the whole diffraction profiles (At). 
38but,62dod–AlPO-kan was characterized by X-ray diffraction (XRD) with a Shimadzu 
XRD7000 with CuKα radiation (λ ≈ 0.1542 nm), at a rate of 2o 2θmin-1, with 0.5°, 0.5° and 
0.3 mm for output, divergence and reception slits, respectively.  
In both cases, the lattice plane distances were estimated by means of the Bragg equation. 
WAXS experiments were performed by Dr. Dieter Jehnichen. 
 
SAXS 
Small angle X-ray scattering (SAXS) measurements of the comb-like copolymers were 
performed on polymer powder as obtained from the precipitation after synthesis step. The 
powder was wrapped in aluminum foil. 3fold pinhole system (self-construction) at 40kV, 
100 mA, Cu-Kα radiation with λ ≈ 0.1542 nm (monochromatization by primary OSMIC 
confocal optic) was used. The measurement scattering range is 2q ≈ 0.05 ... 1.5 nm-1 (d ≈ 
125 ... 4.2 nm) and the measuring time ∆t = 2*900 s. 
For the treatment of scattering curves no absorption correction (scaling to sample 
thickness) was used and the background correction was based on the sample transmission 
and empty scattering. "Primary data"-treatment was obtained through calculation of 
BRAGG values d from the positions of the scattering maxima (layer reflections).  
2 d sin Θ = n λ [ 1/d = q / 2π = s - scattering vector, λ - wave length ]. SAXS experiments 
were performed by Dr. Dieter Jehnichen. 
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TEM 
Transmission electron microscopy (TEM) measurements were performed using a TEM 
LIBRA 200 MC of the company Carl Zeiss SMT (Oberkochen, Germany). The samples 
were measured with an acceleration voltage of 200 kV.  For investigation by TEM 
ultrathin sections of the melt-pressed samples (50 to 60nm thickness) were sliced with a 
diamond knife (35° knife angle; DIATOME, Switzerland) by using ultramicrotome EM 
UC/FC 6 of the company Leica (Austria). The cutting temperature was -150°C. The 
sections were flooded with a DMSO/water mixture on carbon-filmed TEM cupper grids. 
For better visualization of contrast between the several phases and detection microphase 
separation the comb-like copolymers samples were stained by ruthenium tetroxide vapor. 
TEM images were obtained by Mrs. Uta Reuter. 
 
DLS 
DLS measurements were conducted using a DynaPro NanoStar apparatus (WYATT 
Technology Corporation, USA) at a wavelength of 658 nm and detection angle of 90°. The 
experiments were conducted at room temperature in toluene, acetone, chloroform or THF 
as a solvent. The samples were prepared by dissolving 1 mg of the Cop-5 copolymer in  
1 mL of an appropriate solvent. DLS measurements were carried out by Mr. Josef Brandt. 
 
AFM 
The AFM measurements were performed in the peak force tapping mode by a Dimension 
ICON (Bruker-Nano, USA). Silicon nitride sensors SCANASYST-AIR (Bruker, USA) 
with a nominal spring constant of 0.4 N/m, and a tip radius of 2 nm were used. AFM 
images were obtained by Mr. Andreas Janke. 
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Figure 9.1 1H NMR spectrum of 2-cumyl-4-methyl phenol (for synthesis see Figure 4.1). 
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Figure 9.2 1H NMR spectrum of cumyl-substituted ligand (for synthesis see Figure 4.2). 
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Figure 9.3 13C NMR spectrum of cumyl-substituted ligand (for synthesis see Figure 4.2). 
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Figure 9.4 1H NMR spectrum of adamantyl-substituted ligand (for synthesis see Figure 4.2). 
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Figure 9.5 1H NMR spectrum of bPA-c catalyst (for synthesis see Figure 4.3). 
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Appendix 2. 13C NMR spectra of polymer samples produced by bis(phenoxyamine) 
catalysts 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.6 13C NMR spectrum of highly isotactic polypropylene produced by bPA-a cat. 
(Table 4.1, PP-3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.7 13C NMR spectrum of highly isotactic poly(1-hexene) produced by bPA-a cat. 
(Table 4.1, PHex-3). 
45 40 35 30 25 20 15 10
Chemical Shift (ppm)
CH
CH2
H2C
CH2
CH2
CH3
n
α β
1
3
2
4
4
3
β 2
1α
50 45 40 35 30 25 20 15
Chemical Shift (ppm)
CH
CH3
H2C
n
α β
1
α
β 1
Appendixes                                                                                                    177  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.8 13C NMR spectrum of highly isotactic poly(1-undecene) produced by bPA-c cat. 
(Table 4.1, PUen-3). 
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Figure 9.9 1H NMR spectrum of blend PUen/PP. 
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Figure 9.10 13C NMR spectrum of statistical copolymer P(P-co-Uen). 
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Appendix 4. Calculation of propene solubility in toluene 
The solubility of propene in toluene was calculated based on a model being an empirical 
correction of a thermodynamic equilibrium conditions in the form outlined in Equation 
A.1. 
)exp(
Tc
b
a
Py
x
d
p
p
+
+
⋅
=                                                   (A.1) 
a, b,c, d  empirical parameters 
xp  molar fraction of propene in the liquid phase 
yp  molar fraction of propene in the gas phase (equal to 1) 
P  propene pressure 
T  temperature [K] 
Equation A.1 may be considered as a Henry equilibrium equation, where the Henry 
coefficient depends on pressure and temperature. 
Table 9.1 Empirical parameters estimated for toluene – propene system. 
a b [K] c [K] d 
7,4048 -932,68 -109,65 1,0580 
 
Upon taking into account the empirical parameters presented in Table 9.1 the model 
equation is depicted in the following form (Equation A.2). 
)),(
,
,exp(
,
T
P
x p
+−
−
=
65109
6893240487
0581
                                         (A.2) 
 
Subsequently the amount of propene dissolved in toluene at a constant pressure and 
temperature can be calculated from Equation A.3. 
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Appendix 5. Gradient HPLC 
♦ Analysis of homopolymer 
Different nonpolar–polar solvent combinations were tested namely DCM–THF and DCM–
MeOH, to find the best combination for adsorbing and eluting the polymer backbone 
(PUol). A combination of DCM and THF (Figure 9.11) resulted in a bimodal peak eluting 
in 100 % DCM; this showed that the eluting component was nonpolar and did not interact 
with the stationary phase. This was not expected because the polarity of PUol end groups 
should lead to significant interaction of the analyte with the stationary phase. However, 
one has also to consider that the backbone is nonpolar. The polarity of the 2nd solvent was 
increased by using MeOH. Similarly, there was a component eluting in 100 % DCM but 
this was accompanied by a second component eluting with MeOH (Figure 9.12). 1H NMR 
(not shown here) confirmed that the second eluting component was PUol. 
Figure 9.11 Chromatogram of PUol obtained using DCM–THF gradient. 
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Figure 9.12 Chromatogram of PUol obtained using DCM-MeOH gradient 
 
Subsequently, the comb-like copolymer Cop-5 was analyzed using the DCM–MeOH 
gradient (Figure 9.13). However, in this case not only was the recovery very low, but the 
graft copolymer was co-eluting with the PUol. 
Figure 9.13 Chromatogram of Cop-5 obtained using DCM-MeOH gradient 
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Two ternary solvent systems with THF and CHCl3 (DCM-THF-MeOH or DCM-CHCl3-
MeOH) were then tested, to try to improve the recovery of the graft copolymer. The former 
gave the better results. The recovery of the graft copolymer improved, but the PUol 
became irreversibly adsorbed to the stationary phase. The PUol did not desorb from the 
column even after adding an equivalent of 10 column volumes of MeOH to the 
chromatographic run. 
A binary gradient of THF and MeOH was then tested on the PUol, and it was apparent that 
with THF as part of the gradient, the more polar component of the sample becomes 
irreversibly adsorbed to the stationary phase (Figure 9.14).  
Figure 9.14 Chromatogram of PUol obtained using THF-MeOH gradient 
 
In all the samples analyzed a non-polar component eluted in 100 % DCM, (this component 
most probably comes from the polymer backbone, and does not have the reactive OH 
groups for grafting).  
The aim of the analysis was not only to get a separation according to the degree of grafting 
(Figure 4.31) but also to determine the amount of non-grafted PUol (residual 
homopolymer). Different nonpolar–polar solvent combination was tested namely toluene 
and methanol. The results were promising when analyzing PUol. Two main peaks were 
observed: one in 100 % toluene and the second one in the toluene–MeOH gradient at  
10 mL (Figure 9.16). The analysis was preceded with sample of comb-like copolymer 
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Cop-5. The recoveries were good but it was also observed that the PUol peak co-elutes 
with the graft copolymer. This setback was set aside and the analysis was preceded with all 
the graft copolymers. For the samples with the lower DPPCL values, i.e. PCL-17, PCL-20, 
PCL-26 and PCL-27 three peaks were observed (Figure 9.15). In all samples a peak eluted 
in 100 % toluene. The second peak was at 10mL (co-eluting with PUol), whilst the elution 
of the third peak was dependent on the toluene–MeOH solvent composition. The slope of 
the gradient was then adjusted from 100 % toluene to 55 % MeOH in 60 minutes (Figure 
9.18). The separation of all the components improved. All the samples had one component 
whose elution volume remained constant in all 5 samples at 11 mL and a second 
component whose elution volume increased with a decrease in the average PCL units per 
PUol repeating unit. Fractionation of Cop-1 confirmed the main peak to be the graft 
copolymer, but the one at 11 mL still needs to be confirmed. What can be said from 1H 
NMR is that this component possibly also comes from the PUol backbone. The slope of the 
gradient was lowered further (100 % toluene to 25 % MeOH in 60 minutes) (Figure 9.20); 
this improved the resolution even more and showed that the peak at 11 minutes actually 
consisted of three different components (Figure 4.32). 
 
Figure 9.15 Chromatogram of Cop-1 obtained using toluene-MeOH gradient I (in black 
and grey) 
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Figure 9.16 Chromatogram of PUol obtained using toluene-MeOH gradient I 
Figure 9.17 Chromatograms of graft copolymers obtained using toluene-MeOH gradient I 
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Figure 9.18 Chromatogram of Cop-1 obtained using toluene-MeOH gradient III (in black 
and grey) 
 
 
Figure 9.19 Chromatograms of graft copolymers obtained using toluene-MeOH gradient 
III 
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Figure 9.20 Chromatogram of Cop-1 obtained using toluene-MeOH gradient IV (in black 
and grey)  
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Appendix 6. Calculation of distances between lamellae in comb-like copolymers 
Table 9.2 Results of the FFT calculation. 
Cop-1 Cop-2 
FFT [nm-1] 
domain distance 
[nm] FFT [nm-1] 
domain distance 
[nm] 
0.08 12.50 0.12 8.26 
0.09 11.11 0.11 9.09 
0.09 11.11 0.13 7.69 
0.11 9.09 0.10 10.00 
0.12 8.33 0.12 8.70 
0.11 9.09 0.12 8.33 
0.09 11.11 0.10 10.00 
average value 10.34 average value 8.87 
standard deviation 1.51 standard deviation 0.88 
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Appendix 7. Calculation of Al amount in MAO-modified-AlPO-kan 
Calculation of Al amount by X-ray fluorescence (XRF):  
Sample 38but,62dod–AlPO-kan: 
In 100 g from the X-rays fluorescence: 
NOP = 12.0473	T										3OP =	 12.0473	T26.98	TNXY" 		= 0.4465	NXY		
N	 = 12.0920	T										3	 =	 12.0920	T30.97	TNXY" 		= 0.3904	NXY 3OP3	 = 1.14 
(where m = mass and n = number of mol)  
Sample 38but,62dod–AlPO-kan after reaction with MAO: 
In 100 g from the X-rays fluorescence: 
NOP = 21.8571	T										3OP =	 21.8571	T26.98	TNXY" 		= 0.8101	NXY		
N	 = 9.5263	T										3	 =	 9.5263	T30.97	TNXY" 		= 0.3076	NXY 3OP3	 = 2.63 
Z3OP3	 [\]^"_`abc,defgf–]ij^"klm −	Z3OP3	 [_`abc,defgf–]ij^"klm =	Z3OP3	 [OPnPoppqrsp 
2.63 − 1.14 = 1.49 
Z3OP3	 [Ot = 1.49 
(3OP)Ot = 1.49	. 3	 
(3OP)Ot = 1.49	u	0.3076 = 0.4583	NXY = 	 (3<)Ot  
(3OP)\]^"_`abc,defgf–]ij^"klm −	(3OP)Ot = (3OP)OP	t"o 
(3OP)OP	t"o = 	0.8101 − 0.4583 = 0.3518	NXY  
  
Appendixes                                                                                                    189  
 
 
Appendix 8. Calculation of organics proportion in MAO-modified-AlPO-kan 
Calculation of organics proportion by C and N elemental analyses and 13C NMR:  
In 100 g from C and N elemental analysis: 
N< = 19.77	T										3< =	 19.77	T12.01	TNXY" 		= 1.65	NXY		
Nv = 5.69	T										3v =	 5.69	T14.006	TNXY" 		= 0.41	NXY	(2YY	wxXN	2YyzY2NNX36{N) 
(where C = carbon and N = nitrogen) 
 (3<)qoP	|n	<v −	(3<)Ot	|n	}~ =	 (3<)OPnPoppqrsp {7:		(3OP)Ot =	 (3<)Ot (3<)OPnPoppqrsp = 	1.65 − 0.4583 = 	1.1917	NXY  
 
Z3<3v[YyzY2NNX36{N = 1.19170.41 = 2.91 
 q + |s = 1																																																																Z3<3v[q q +	Z3<3v[|s |s =	Z3<3v[OPnPoppqrsp 
q + |s = 1 
q = 1 −	|s																													 1 		 
Z3<3v[q q +	Z3<3v[|s |s =	Z3<3v[OPnPoppqrsp 
121 	q +	41	|s = 	2.91																	 2  
Substituting 1 	 in 2 :  12	(1 −	|s) + 	4	|s = 	2.91	 
12 − 2.91 = (12 − 4)	|s 
	|s = 	1.14  
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Figure 9.21 13C NMR deconvolution spectra of A- 38but,62dod-AlPO-kan and B- MAO-
modified-38but,62dod-AlPO-kan.  
Sample 38but,62dod–AlPO-kan:  =	52.71	%1.66	% = 31.75 
From the C and N elemental analysis:  	 =	 .d._` = 1.60 
where AD = area under peak D and AB = area under peak B 
From the Figure 9.21, B, sample MAO-38but,62dod–AlPO-kan:  =	13.49	%0.548	% = 24.62 

 Z[	_`abc,defgf–]ij^"klm 									→ 								 Zq|s[_`abc,defgf–]ij^"klmZ[\]^"_`abc,defgf–]ij^"klm 																	→ 																		 Zq|s[\]^"_`abc,defgf–]ij^"klm
 
 31.75							 → 																			1.60																														24.62												 → 				 Zq|s[\]^"_`abc,defgf–]ij^"klm 
Zq|s[\]^"_`abc,defgf–]ij^"klm = 1.24														 1  
q +	|s = 1												 → 									 |s = 1 −	q 									 2 	 
{K767{763T	 2 	63	 1 :	 
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Z q1 −	q[\]^"_`abc,defgf–]ij^"klm = 1.24 
q = 1.24 − 1.24	q 
q =	1.242.24 = 0.55  
xXN	 2 			→ 			 |s = 0.45  
(|s 					→ 							 q)oPsPo(|s 					→ 							 q)oP												     
 0.45									 → 										0.550.385									 → 								 q			 
(q)oP = 0.471  
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